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ABSTRACT 

Punarja Kevin   

January 2016 

“On the Synthesis, measurement and applications of solar energy materials and 

devices”: A thesis submitted to The University of Manchester for the degree of Doctor of 

Philosophy in the Faculty of Engineering and Physical Sciences. 

Second generation solar cells based on thin film semiconductors emerged as a result of the 

past ten years of intense research in the thin film preparation technology.  Thin film solar 

cell technology can be cost effective as it uses comparatively cheap materials suitable for 

solar building integration. Chemical Vapour Deposition (CVD) is a well-known method for 

the deposition of high quality thin films.  

This thesis describes the synthesis of novel tin(II)dithiocarbamate [Sn(S2CNEt2)2] and 

bis(diphenylphosphinediselenoato) tin(II) [Sn(Ph2PSe2)2] and these complexes as single 

source precursor for the deposition of SnS and SnSe and by using the combination of 

[Sn(Ph2PSe2)2] with [Cu(acac)2], Cu2SnSe3 thin films were deposited by AACVD. By using 

suitable combinations of  metal complexes ([
n
Bu2Sn(S2CNEt2)2], [Cu(S2CNEt2)2] 

[Zn(S2CNEt2)2] [Zn(Se2CNEt2)2]  [Zn(acac)2], [Sn(OAc)4], 

[Cu(PPh3){Ph2P(Se)NP(Se)Ph2}] thin films and nanocomposites of CZTS, CFTS, CZTSe, 

CFTSe, CZFTS, , CZFTSe, CZTSSE, CFTSSe and CZFTSSe were prepared. The effect of 

precursor concentration and deposition temperature on the structure, morphology and 

composition of the thin films were studied in detail using by powder X-ray diffraction (p-

XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), 

transmission electron microscopy (TEM), selected area electron diffraction (SAED) and 

elemental mapping. This thesis addressing the structural inhomogeneity, control of growth 

and material characterization is expected to yield closer performance parity between 

CZTS–Se and CIGS solar cells. A series of systematic experiments were carried out. 

Through AACVD and simple solvothermal methods CZFTS nanoparticles and thin films 

were prepared. The simple, potentially, low-cost nature of the CZTS nanoparticles and the 

enhancement of charge carrier mobility achieved suggest that these nanoparticles have 

potential in the improvement of OFETs and perhaps other organic electronic devices. 
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CHAPTER - I 

Introduction 

1.1. Rationale for submitting the thesis in an alternative format 

The thesis author has been fortunate in being able to publish her results in peer reviewed 

journals as communications and articles as results have been gained. Timely publication of 

results is especially critical in the field for several reasons. Firstly the work is largely 

interdisciplinary, the research is directed through discussions with other chemists, theorists 

and physicists and so getting up-to-date research into the public domain is of importance. 

Secondly the research is equipment expensive. Access to expensive and sought after 

national facilities is dependent on quality research, invariably demonstrated by publications 

in high level journals. The same is true in the pursuit of new funding sources from bodies 

such as the EPSRC. It has therefore been necessary, and preferable, to publish during the 

course of the author’s PhD studies. The published papers cover all of the aspects of the 

author’s work and so are deemed suitable for submission as a part of this thesis. 

1.2. Organisation of the thesis 

Chapter I provides preface to the thesis, and describes the contribution the author has made 

to the published material. Chapter II describes the context of the research. Chapter III 

reviews the work done in the field to-date. Chapters IV to XIV contain peer-reviewed 

publications and manuscripts of preparation. Chapter XV consists of a summary of the 

work undertaken and provides an outlook for future study. Chapter XVI contains references 

which are cited outside of chapters five to ifteen.  Appended I details the methodology 

employed during the research. Appended II Review paper, entitled “Routes to tin 

chalcogenide materials as thin films or nanoparticles: a potentially important class of 

semiconductor for sustainable solar energy conversion”  

1.3.Contributing authors 

Chapter IV, Paper 1, entitled “Thin films of tin(II) sulfide (SnS) by aerosol-assisted 

chemical vapour deposition (AACVD) using tin(II) dithiocarbamates as single-source 

precursors” is a full paper written by the thesis author with contributions from Mohammad 

Azad Malik. Synthesis was performed principally by the thesis author. X-ray 

crystallography was performed principally by the thesis author with contributions from 
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James Raftery. P-XRD, SEM, EDX analysis was carried out by the author and PL 

measurements were carried out principally by the author with the help of David J. Lewis. 

Chapter V, Paper 2 entitled “The aerosol assisted chemical vapour deposition of SnSe and 

Cu2SnSe3 thin films from molecular precursors” is a communication written by the thesis 

author. The precursor synthesis was principally carried out by the author with contributions 

from Sajid. N. Malik. 

Chapter VI, Paper 3 entitled “Composition Focusing in the Deposition of Copper Zinc Tin 

Sulfide (CZTS) by AACVD” is a draft paper written by the thesis author. The cell 

fabrication was carried out principally by the author with the contribution from Saif Haque 

of Imperial College. The resistance measurements were carried out by Ian Hashworth and 

Bruce Hamilton. The PV measurements were carried out principally by the author with help 

of Eric Whittaker and Bruce Hamilton from the School of Electrical and Electonic 

Engineering.   

Chapter VII, Paper 4 entitled “Growth of Cu2ZnSnSe4 and Cu2FeSnSe4 thin films by 

AACVD from molecular precursors” is a full paper written by the thesis author. The 

precursor synthesis was carried out principally by the author with contributions from Sajid 

N.Malik and M. A. Malik.  

Chapter VIII, Paper 5 entitled “The AACVD of Cu2FeSn(SxSe1−x)4: potential 

environmentally benign solar cell materials” principally written by the thesis author with 

contribution from M. A. Malik on the selenium precursor synthesis. 

Chapter IX, Paper 6 entitled “The controlled deposition of Cu2(ZnyFe1−y)SnS4, 

Cu2(ZnyFe1−y)SnSe4 and Cu2(ZnyFe1−y)Sn(SxSe1−x)4 thin films by AACVD: potential solar 

cell materials based on earth abundant elements” is a full article written by the thesis 

author. The p-XRD calculations were principally carried out by the author with the help of 

Paul O’Brien. TEM elemental map was carried out principally by the author with the help 

of Matthew Smith. 

Chapter X, Paper 7 entitled “Morphology and band gap controlled AACVD of CdSe and 

CdSxSe1−x thin films using novel single source precursors: Bis(diethyldithio 

/diselenocarbamato) cadmium(II)” is a full paper principally written by the author. The 

precursor synthesis was principally carried out by thesis author with minor contribution 

from M. A. Malik. The PL measurements were taken by the author with contribution from 

D. J. Lewis. 

http://www.sciencedirect.com/science/article/pii/S0022024814005144
http://www.sciencedirect.com/science/journal/13698001
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Chapter XI, Paper 8 entitled “The deposition of Cu2ZnSnS(1-x)Sex thin films with tunable 

band gaps” is a full article written by the author with contributions from Paul O’Brien. The 

precursor complexes principally synthesised by the author with contribution from M. A. 

Malik. Rietveld refinement carried out principally by the author with contributions from 

Gary Harrison. 

Chapter XII, Paper 9 entitled “Synthesis of Nanoparticulate Alloys of the Composition 

Cu2Zn1–xFexSnS4: Structural, Optical, and Magnetic Properties” is a communication written 

by the thesis author. SQUID measurements were carried out by Simon Mcadams. The 

crystal phase analysis was carried out by the author with contributions from Paul O’Brien.  

Chapter XIII, Paper 10 entitled “Stannite Cu2FeSnS4 nanoparticles for solar energy 

applications” is a full draft written by the thesis author. Magnetic measurements were taken 

by Simon Mcadams and TEM characterisation was principally carried out by the author 

with contribution from Xiang Li Hong.  

Chapter XIV, Paper 11 entitled “Nanoparticles of Cu2ZnSnS4 Performance Enhancing 

Additives in Organic Field-Effect Transistors” is a full article with the parts concerning 

quantum dots written by the thesis author with device fabrication and characteristics part 

contributed by Joseph Cameron, Rupert G. D. Taylor, Neil J. Findlay, Anto R. Inigo and 

Peter J. Skabara of the University of Strathclyde. 
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CHAPTER - II 

Introduction to the Field of Study 

The main focus of this chapter is to give a brief introduction to semiconducting materials, 

band energy diagrams, band gap tuning and kesterite and stannite materials. A comparison 

of reported solar cell efficiencies of kesterite and stannite materials is recorded in the form 

of a table. This chapter includes an overview of solar cells developed during past few years 

using semiconducting materials with their function, advantages and disadvantages. The 

types of precursors used for the deposition of thin films and nanoparticles with techniques 

used for the deposition of thin films and nanoparticles are presented in detail.  

2.1 Semiconductors and Semiconducting materials 

Semiconductors are generally categorised as small band gap insulators. The term 

“semiconductor for this class of materials arise from the fact that the conductivity values of 

these materials lies in between that of conductors (10
4
-10

-8 
Ω cm

-1
) and insulators (less than 

10
-8

 Ω cm
-1

) eg. Ge and Si. Semiconductors are widely used in most electronic and 

technologically important devices. 

2.1.1. Band structure 

Atomic orbitals combine to form molecular orbitals. When two atomic orbitals combine, 

two molecular orbitals result. One molecular orbital is formed with the sum of energies 

lower than the relative energies of the individual atomic orbitals; they are referred to as 

the 'bonding' orbital. The other molecular orbital is formed with the sum of energies higher 

than the relative energies of the individual atomic orbitals and is termed the 'anti-bonding' 

orbital. If ‘N’ valence electron atomic orbitals with the same energy combine, ‘N’ possible 

molecular orbitals will result; ‘N/2’ will be lowered in energy and ‘N/2’ with higher energy 

with respect to the sum of the energies of the combined atomic orbitals.  The 'bonding' band 

is called the valence band (VB) and the 'anti-bonding' band is called the conduction band 

(CB) and the gap between them is called the band gap. The electrons of a single free-

standing atom occupy atomic orbitals, which form a discrete set of energy levels. When a 

large number of atoms (about 1020 or more) are combined together to form a solid, the 

number of orbitals becomes exceedingly large, and the difference in energy between them 

becomes very small, so the levels may be considered to form continuous bands of energy 

rather than discrete energy levels. However, some intervals of energy contain no orbitals, 

no matter how many atoms are aggregated, forming a ‘band gap’. Like atomic orbitals, each 
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molecular orbital can contain at most two electrons of opposite spin. Metals contain a band 

that is partly filled and partly empty regardless of temperature; therefore they are highly 

conductive. In case of insulators and semiconductors the valence band is fully occupied and 

the conduction band is almost unoccupied. Only when electrons are excited to the 

conduction band from the valence band, can current flow in these materials. The main 

difference between  

 

Figure 1: Schematic representation of energy bands in an insulator or semiconductor. 

Insulators and semiconductors is that the bandgap between the valence band and 

conduction band is larger in an insulator (band gap of semiconductors eg: Si-1.09 eV, Ge-

0.67 eV and 1.43 eV for GaAs band gap for insulators eg: diamond is 5.5 eV and SiO2 is 9 

eV). The band gap of the insulator and undoped semiconducting materials are depicted 

schematically in Figure 1.  

The energy of electrons cannot lie outside these bands.  Electrons can be promoted from 

one band to another by the absorption of photons with sufficient energy. Generally, 

materials with a band gap above 3 eV are considered as insulators and those with a band 

gap below 3 eV are considered as semiconductors, because the thermal energy at 300 K is 

not sufficient enough to allow the movement of electrons from the valence band to 

conduction band. As a result, such materials have fully filled valence band and an empty 

conduction band.  

According to the Fermi-Dirac distribution, electrons and protons are considered as fermions 

which have charge, mass and additionally have half–integer spin.  The Pauli exclusion 

principle states that no two fermions or electrons can have the same set of quantum 
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numbers. Hence, for two electrons within same orbital have one electron spin up and the 

other spin down. 

Statistically, the distribution of fermions/electrons in the available energy levels is 

according to the Fermi-Dirac distribution: 

 𝑓(𝜀) = 1/ exp{(𝐸 − 𝜇)/𝐾𝑇)} +1  …………….. Eq. 1 

Where, f(ε) is the occupation probability of a state of energy ε, K is Boltzmann's 

constant, μ is the chemical potential, and T is the temperature in Kelvin. 

The distribution describes the probability for a quantum state of energy E being occupied at 

a particular temperature T. Thermodynamic properties can be calculated by knowing the 

energies of the available electron states and the degeneracy of the states. At absolute zero 

the value of the chemical potential, μ, is defined as the Fermi energy. At room 

temperature, the chemical potential for metals is virtually the same as the Fermi energy. For 

a pure undoped semiconductor at finite temperature, the chemical potential always lies 

halfway between the valence band and the conduction band.  

On increasing temperature, or by absorbing photons of sufficient energy, electrons can be 

excited to the conduction band from the valence band, creating an electron-hole pair. By the 

application of an applied electric field, the electron in the conduction band can gain 

momentum therefore an overall movement of charge which creates an imbalance in positive 

and negative momentum and results in an electric current. The principle behind 

semiconductor optical devices such as light-emitting diodes (LEDs) is the creation of an 

electron-hole pair which recombines when the electron drops into the valence band, leading 

to emission of energy as a photon. 

2.1.2. Intrinsic and extrinsic semiconductors 

Structurally atoms in semiconductors share all the four valence electrons tetrahedrally with 

each other by simple covalent bonds. Therefore, at room temperature a few electrons gain 

enough energy to break the attractive force and jump from the valence shell by creating a 

vacancy, called ‘hole’ which is considered as a positive charge. These electrons and holes 

move in an electric field contribute to electrical conduction, known as intrinsic 

semiconductors. 
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The conductivity of a semiconductor material can be improved by the addition of elements 

with either three (trivalent) or five (pentavalent) valence electrons by a process called 

doping and the semiconductors obtained upon doping are called extrinsic 

semiconductors.  Depending on the type of impurity added extrinsic semiconductors are 

classified into n-type when the added impurity is a pentavalent element and p-type if the 

impurity is a trivalent element. 

 

Figure 2: Schematic representation of n-type (left) and p-type (right) semiconductors. 

Semiconductors formed by the addition of pentavalent donor atoms such as P and As in 

place of the tetravalent element in the lattice bring an extra free electron to the valence shell 

which in turn increases the conductivity. These electrons are called ‘majority current 

carriers’. These extra electrons make an additional donor level 0.01 eV just below the 

bottom of the conduction band hence increase the conduction (Figure 2). Whereas, the 

addition of trivalent donor atoms such as B and Al to replace the tetravalent element in the 

lattice results in the formation of an extra hole in the crystal lattice. The conductivity of 

these materials is improved due to the presence of these holes in the lattice, which are 

called predominant or majority current carriers. These holes create an acceptor level of 

0.01 eV just above the valence band and hence increase the conduction (Figure 2). 

2.1.3. Direct and indirect band gap semiconductors 

In a Direct band gap semiconductor the valence band maximum (VBM) and the 

conduction band minimum (CBM) occurs with the same value of electron momentum. 

Whereas, in an Indirect band gap semiconductor on the other hand, VBM and CBM 
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occur at a different value of momentum. It is easy to produce an electron-hole pair in a 

direct band gap semiconductor, where the band gap energy, Eg equal to the photon energy 

as there is no need to give extra momentum for the electron excitation. Whereas, in an 

indirect band gap semiconductor, to produce an electron-hole pair, the electron needs to 

give an extra momentum for its excitation along with the photon energy.  

2.1.4. Nanosized Semiconductor 

Semiconductor materials can be classified into three types,  

(i) Bulk inorganic semiconductors 

(ii) Inorganic semiconductor nanocrystal and  

(iii)Molecular semiconductors 

 

Semiconductor nanocrystals (NCs) are tiny light-emitting particles on the nanometer scale. 

When the diameter of the nanocrystal material is smaller than the exciton Bohr radius 

(typically; 1 to 10 nm) such NCs are termed quantum dots (QDs). The properties of QDs 

are mainly determined by size effects; hence the size-controlled synthesis of colloidal QDs 

has become one of the main focuses of research over past two decades. Semiconducting 

materials are characterised by their direct or indirect band structures or band gap energy 

(Eg). Materials with band gap energy in the range of 0 to 4 eV are of more interest, as they 

require a minimum amount of energy to excite electrons from the VBM to CBM. [1-3]  

The band structures can be further modified and shifted to blue or can tune the light 

emission from these particles throughout the ultraviolet, visible, near-infrared, and mid-

infrared spectral ranges by the quantum confinement effect which leads to spatial enclosure 

of the electronic charge carriers within the nanocrystal, which can be achieved [1-5] via 

making one dimension of the semiconducting material less than its Bohr exciton radius. In 

the semiconducting NCs, the quantized levels can be seen as discrete levels, whereas as a 

continuous band in case of bulk materials (Figure 3). Hence, tuning the size of the NCs 

leads to the fine-tuning of the band gap and is useful in controlling the optical and electrical 

properties of such materials. Apart from size-effects, the physical and chemical properties 

highly depend on composition, structure, shape and surface chemistry, which make them 

very attractive for uses in many applications. [6–9] 
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Figure 3: Schematic representation of the electronic energy states of bulk, nanocrystals and 

molecular semiconducting materials. 

2.1.5. Compound semiconductors 

In addition to Group IV elements, compounds of Group III and Group V elements and 

compounds of Group II and Group VI elements are often used as semiconductors. All of 

these materials have an average of 4 valence electrons.  In a semiconductor such as GaAs, 

doping can be accomplished by slightly varying the stoichiometry. A slight increase in the 

proportion of As produces n-type doping, and a slight increase in the proportion of Ga 

produces p-type doping. 

Starting from the II-VI parent several binary, ternary and multinary semiconducting 

materials can be derived. Figure 4 shows a number of semiconducting materials derived 

from parent II-VI semiconductor by cation mutation; one of  the Group II cations can be 

replaced by one Group III (I-III-VI) or by replacing two Group III atoms by one Group II 

and one Group IV atom (I2–II–IV–VI4) compound, or by replacing two Group II atoms by 

one Group I atom and one Group III (–III–II2–VI4); or by replacing half of the Group II 

atom by another Group II atoms (I2–II–II-III-VI4).  By controlling the atomic ratios, through 

the mutation process one can perform band engineering to tailor the material properties for 

a specific application. There are many possible compositions allowed in each category 

hence proper screening and studies are required to find the suitable composition. [11] This 

family of materials can be tuned to obtain suitable band gaps optimal for solar cells, [12] 

spintronics, [13] thermoelectrics [14] and new classes of topological insulators. [15] 
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Figure 4: Schematic representation of the structure development tree for the formation of 

binary, ternary and multinary semiconductors starting from II–VI parent compound. 
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2.2. Band structures of semiconductor NCs 

2.2.1. Tin(II) Sulfide and Tin(IV) Sulfide 

SnS shows lowest binding energies and ionisation potentials among metal chalcogenides, 

because of its co-ordination environment and the level of repulsion between orbitals. [16] 

The binding energy of Sn 5s
2 

orbitals is considerably lower compared to other metal 

orbitals. The structure of SnS is  

 

Figure 5: Band gap energies of ZnS, Cu2S, SnS and Cu2ZnSnS4. [19-33] 

similar to that of rocksalt with a distorted octahedral structure and different types of bond 

lengths due to the sterochemically active lone pair in its valence shell. [17] There are three 

short (ca. 2.6Å) and three long (ca. 3.2 Å) Sn-S bonds due to different cation environments. 

[17] SnS materials show an indirect band gap of 1.1 eV. [20, 21] In SnS the VB is formed 

by the interaction of antibonding Sn 5s and S 3p orbitals and conduction band is formed by 

the 5s orbitals (Figure 5). [18-21] The band gap values are also close to those found for 

quaternary Cu2ZnSnS4 and related selenide materials. [18, 22-25] In contrast, the ionisation 

potential of Sn related of CuInSe2 has been reported as 5.7 eV. [22, 24]  

In this lower oxidation state of Sn (i.e., II), the 5s
2
 orbitals are formally occupied, with the 

CB formed from the empty 5p band as shown in Figure 5. The interaction of Sn 5s and S 3p 

results in antibonding states at the top of the VB. [16] The ionisation potential of SnS is 

lower than other metal-chalcogenide semiconductors [16] due to the coordination 

environment, level of repulsion and low binding energy of Sn 5s
2 

orbitals. [27] In case of 

Sn (IV) sulfides, according to the first approximation, the lowest level of the CB is formed 

of Sn 5s states and the rest of the CB formed of Sn 5p states with a significant contribution 
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from S px, py orbitals but no contribution from pz orbitals. The VBM is formed from 

symmetric p orbital contribution from S. [19] Optical absorption measurements SnS2 

showed an indirect gap of  2.2 eV. [19, 26] 

2.2.2.  Band structure of Zinc Sulfide (ZnS) 

The VB mainly formed from the 3p orbitals of S atom and the 4s and 4p orbitals of Zn 

atoms mainly contribute to CB in ZnS.  The energy gap between the VB and CBM in ZnS 

is 3.6 eV. [28] The hybridization of the Zn d states with the S p states as well as with the S 

d states is quite strong. The overlap of S 3p and Zn 4s orbitals in the VB and CB indicates a 

mixed ionic–covalent bonding character (Figure 5). [29] ZnS materials show a direct band 

gap of 3.5 eV, close to the experimental band gap reported in literature (3.6 eV). [30] 

2.2.3.  Band structure of CuS and Cu2S 

The VB is composed of Cu 3d and S 3p hybridised orbitals and the CB is formed by the Cu 

3d (eg) orbitals. On top of the CB the hybridised orbitals of S 3p and Cu 3d (t2g) orbital. The 

band gap of Cu2S materials is found to be around 2.47 eV (Figure 5) and the CuS is about 

1.26 eV but the band gap values vary because of the different stoichiometric composition of 

CuxS. [31] It can be seen that the Cu2S nanostructures shows the p-type conduction and the 

CuS nanostructures shows n-type conduction. [31, 32] 

2.2.4.  Band structure of  Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe)  and 

Cu2ZnSn(S1−xSex)4  (CZTSSe) alloys 

The CZTS structure is similar to ZnS but its band gap (1.5 eV) is closer to that of Cu2S. 

[33-35] In Cu based chalcogenides the VBM is formed by the antibonding p orbitals of the 

anion (S/Se) and the Cu 3d orbitals. In CZTS, the CBM is mainly formed of Sn 5s and S 

3p* states and no contribution from Zn 4s orbitals, as the atomic energy of Zn 4s is higher 

than that of Sn 5s. The VBM is formed by the overlap of Cu 3d and S 3p orbitals (above 2 

eV). The experimental and gap of CZTS is between 0.1 to 2 eV (Figure 6). [36] Studies 

showed that the band gap of Cu2ZnGeS4 and Cu2ZnSiS4 is larger than that of CZTS as the 

Sn in CZTS is replaced with Ge or Si. [37, 38] The lowering of band gap from CZTS to 

CZTSe was studied using computational methods. [11, 39, 40] The valence band is higher 
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Figure 6:  MO diagram and band gap of Cu2ZnSnS4 quaternary system. [36] 

and the conduction band is lower in CZTSe compared to CZTS, which shows both the 

electron and hole states mainly localized on CZTSe rather than CZTS when an interface is 

made between them. The band gap of these alloys depends on the CBM and VBM. The S p 

level is lower than Se p, thus the VBM of the sulfides is lower than that of the selenides; as 

an example the VBM of ZnS is 0.52 eV lower than that of ZnSe. [41]. A contradictory 

phenomenon is found in Cu based chalcogenides; there is no large difference in the band 

gap as expected due to p-d hybridization. The hybridization is stronger in shorter bonds. 

The Cu-S bond is shorter than the Cu-Se bond hence it pushes the antibonding VBM level 

up compared to that of the Cu-Se bond. Because of these factors, the band gap between 

CZTS and CZTSe is reduced to 0.15 eV only (Figure 7).  

A similar reduction in band gap is seen in other Cu based chalcogenide pairs such as 

CuGaS2, CuGaSe2, CuInS2 and CuInSe2 (Figure 7). In addition to that, the CBM of CZTS 

and CZTSe is formed by the antibonding state of the anion s orbital and Sn 5s orbitals. The 

energy of the s orbital of S is lower than that of Se (0.2 eV), but because of the shorter 

bond length of Sn-S makes the level of repulsion between Sn and S stronger in CZTS 

compared to CZTSe. Therefore, CBM moves up in CZTSe compared to that of CZTS.  As 

a result, in Cu2ZnSn(S1−xSex)4 alloy the conduction band offset (0.35 eV) is larger than the  
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Figure 7: The band alignment between Cu2ZnSnS4, Cu2ZnSnSe4, CuInSe2, and CuGaSe2 

(including the effects of spin-orbit coupling). [37-42] 

valence band offset (0.15 eV) therefore, as the Se content increases, the CBM downshift 

plays a more important role than the VBM upshift which in turn leads to a reduction in the 

band gap. Thus varying the composition of x (Se) the CBM downshift and VBM uplift 

plays the role in band gap tuning. Calculations of the absorption spectrum agree well with 

this energy shift. [42] The optical absorption spectra of Cu2ZnSn(S1−xSex )4 alloys show a 

linear shift of the band edge states as a function of the composition x,  the absorption  the 

spectra shift to the lower energy side as the band gap decreases.  

2.2.5. Band structure of Cu2FeSnS4 (CFTS) and Cu2Zn1-xFexSnS4 (CZFTS) alloys 

The Cu-Fe alloys (eg: CFTS) show a lower band gap compared to Cu-Zn alloys (eg. 

CZTS).  Li et al. [41] demonstrated the lowering of band gap, by comparing the MO 

energies of the 3d orbitals of Fe
3+

 and Cu
+
.  The 3d orbitals of Fe

3+ 
are half filled hence the 

S 3p and 3s orbitals prefer mixing with Fe 3d orbitals compared to the Cu
+
 3d orbitals. The 

XANES spectra (S K and L edge) indicate that the Cu
+
 3d band lies 1.2 eV above the Fe

3+
 

3d band and these values are in good agreement with the MO energy band by the first 

principles calculations. [43, 44]  

Based on the first principles calculations in  CZTS quaternary semiconductor, VBM formed 

by the hybridization of Cu 3d and S 3p orbitals and CBM is mainly formed by antibonding 

combination of Sn 5s and S 3p orbitals,  whereas, the Zn 3d orbital has a weaker influence 

on the band gap. [17, 45-47] In addition to this, in CFTS the partially filled Fe
3+

 3d orbitals 

interact more actively than the fully filled Zn 3d
 
orbitals during the formation of conduction 
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band and minimize the s-p repulsion between Sn and the chalcogens resulting in a lowering 

of the CBM and which in turn leads to a decrease in the band gap (Figure.8).   

 

Figure 8: MO/ band structure of Cu
+
-Fe

3+
-Sn

4+
-S

2-
 system with tetrahedral structure. [43-

48] 

In Cu2Zn1-xFexSnS4 (CZFTS) alloys as the Zn (1-x) content increases, there are more 

chances of Sn-5s and S-3p repulsion. Therefore, the CBM state rises up with the decrease 

in concentration of x, which results in an increase in the band gap with decrease in 

concentration of Fe or increase in concentration of Zn. These results showed good 

agreement with the reported literature band gap of these alloys. [48] 

2.3.  Kesterites and Stannites 

Kesterite and stannite are the two main structural modifications which became the focus of 

my research. The kesterite structure is known for Cu2ZnSnS4 and the stannite structure for 

Cu2FeSnS4. [49] Computational studies showed that the difference in energy between the 

kesterite and stannite phases is less than ca. 3.2 kJ mol
−1

 (formula unit)
−1

, hence stannite is 

comparatively less stable than kesterite. [50-52] This may be due to the ordered Cu/Zn sub 

lattice compared to the Cu/Fe sub lattice. These two polymorphs always coexist in samples 

because of the very small energy difference between them [50, 52] and have different space 

groups because of the difference in the distribution of cations  Cu
+
, Zn

2+
 and Fe

2+
.  
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According to Hall et al. [49] in the stannite structure with I42m space group, Fe is located 

at the 2a positions (0,0,0) and Cu at 4d positions (0,½,¼).  Whereas, in the kesterite 

structure, one of the Cu atoms occupies the 2a  position (0,0,0) and the  remaining  Zn and 

Cu atoms occupy the 2d (0,¼,¾) and 2c  positions (0,½,¼) respectively; leading to a new  

space group I4. The Sn in both the structures is at the 2b positions (0, 0, ½). [49-51] In 

stannite the sulfur anion lies on the (110) mirror plane at 8i (x, x, z) and in the kesterite 

structure at 8g (x, y, z) respectively. Structurally, all cations and anions are located in a 

tetrahedral bonding environment as in the zinc blende structures of ZnS or ZnO but with a 

different order of the cation sub lattices.  Kesterite is characterized by the alternating layers 

of CuSn, CuZn, CuSn, and CuZn cations at z = 0, ½, ½, and ¾ positions.[36,52,53]  The 

structure of CZTS and CFTS after Hall et al. [49] is shown in Figure 9. Schorr et al. [54] by 

neutron diffraction studies refined the stannite and kesterite structures. [54] Detailed studies 

on the Cu2(Zn,Fe)SnS4(CZFTS) alloys showed that: there is a structural transition from 

kesterite to stannite, with a decrease in Zn:Fe ratio. [53, 54]  Recently Bonazzi et al. [53] 

confirmed the presence of dominant pseudo-cubic structures in zinc rich compositions of 

CZFTS alloys. The main reasons for structural similarities of the kesterite and stannite 

structures are similar cross-sections of Cu and Zn, very small difference in the ionic radius 

of Zn
2+

 (0.64 Å) and Fe
2+

 (0.66 Å) and the high solubility of Fe in the CZTS alloys. [49-52]  

The kesterite and stannite CZTS are derived from zinc blende structure, by replacing the Zn 

cations. In these structures, each anion (Se or S) is coordinated by one Zn, two Cu and one 

Sn atoms. The existence of these three different cations results in three different cation- 

anion bond lengths, which leads to anion displacement from the ideal zinc blende site. [55] 

Khadka and Kim et al. [56] reviewed the kesteritic and stannitic phases. Shibuya et al. [57] 

through first principles calculations confirmed the high solubility of Fe in Cu2ZnSnS4 and 

also showed that in the Cu2Zn1-xFexSnS4 system a phase transition from kesterite to stannite 

is found to be at Zn/Fe ratio around 0.4.  

Evstigneeva et al. [58] demonstrated the existence of the stannite structure in Cu2-xFe1-

xSnS4 by the Rietveld method. In these structures, the metal atoms are filled in the 

tetrahedral cavities of the sulfur close packing. In general, the Sn and Fe atoms occupy the 

tetrahedral 1a positions (0 0 0) located at the vertices of a cubic unit cell and tetrahedral 3c 

positions (0,½, ½) located at the centres. The Cu and (Fe+ Sn) atoms are distributed in an 

ordered fashion throughout the structure.  The Cu atoms occupied at the centres of lateral 
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faces of the cube with the coordinates (½,0,½)  and (0,½, ½) whereas, the (Fe + Sn) atoms 

occupied at  the centres of the cube bases with coordinates  (½, ½,0).  

 

Figure 9: Structural models of the kesteritic (left) and stanitic (right) structures after Hall
 

[49], copper blue, sulfur yellow, tin grey and iron/zinc purple. 

Huang et al. [59] demonstrated that kesterite type CZTS crystal structures are derived from 

the zinc blende crystal structure; by substituting elements from the lattice sites of two 

adjoining unit cells. In one of the types, the Zn
2+

 ions in the zinc blende structures are 

replaced by Cu
+
 and Fe

3+
 in a 1:1 ratio as an eg:  in CIGS, the In

3+
 and Ga

3+
 are 

incorporated instead of Fe
3+

. In the formation of the kesterite structure, the Fe
3+

 are 

replaced by Fe
2+

 and Sn
4+

 and in case of CZTS, Zn
2+ 

ions take the position of Fe
2+

. The 

crystal structures of CZTS and CIGS only differ in the identity of the atoms present at the 

Fe
3+

 site of the chalcopyrite structure. This structure also showed similarities in the optical 

and electronic properties of these two polymorphs. [59] The lattice constants, band gap 

energies and crystal samples of available kesterite and stannite structures from literature 

studies are shown in Table 1.   

In kesterite and stannite structures the (110), (112), and (102) surfaces have lower cleavage 

energies than those of the (100) and (001). The powder X-ray diffraction (p-XRD) 

spectrum of CZTS [74, 75] showed that the peaks corresponding to interplanar distances of 

(110), (112), and (102) are more distinct than the (100)/(001) planes. From Figure 10 it is 

clear that  
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Table 1: The lattice constants, band gap energy and crystal sample of available kesterite 

(KS) and stannite (ST) structures obtained by experimental and theoretical studies. Thin 

films (TF), powder crystals (PC), Nano crystals (NC) and Theory/Experiment (T/E). 

Chalcogenide structure a (Å) c(Å) η=c/2a 

band gap 

(eV) 

Sample 

Type T/E Ref 

         

CZTS KS 5.454 10.885 0.9979 1.54 - T 57 

 

KS 5.428 10.864 1.001 - PC E 54 

 

KS 5.434 10.856 0.9989 - PC E 53 

 

KS 5.452 10.834 0.9936 1.65 - T 58 

 

KS 5.435 10.822 0.9956 - PC E 59 

 

KS 5.432 10.84 0.9978 - TF E 60 

 

KS 5.426 10.81 0.9961 1.45 TF E 61 

 

ST 5.417 10.932 1.009 1.4 - T 58 

 

ST 5.431 10.956 1.009 1.36 - T 57 

 

KS 5.441 10.821 0.9944 1.508 TF E 56 

 

KS 5.419 10.854 1.0015 1.5 PC E 63 

CFTS KS 5.426 11.038 1.017 1.74 - T 54 

 

ST 5.45 10.74 0.9853 1.28 PC E 62 

 

ST 5.444 10.729 0.9854 - PC E 54 

 

ST 5.489 10.76 0.9801 1.85 - T 57 

 

ST 5.45 10.76 0.9872 

 

PC E 49 

 

ST - - - 1.33 NC E 64 

 

ST - - - 1.35 NC E 65 

 

ST - - - 1.32 NC E 66 

 

ST 5.449 10.726 0.9842 - PC E 53 

 

ST 5.46 10.725 0.9821 - PC E 67 

 

ST 5.46 10.92 1 1.33 NC E 68 

 

ST 10.43 10.79 0.9935 1.22 TF E 69 

 

ST 5.443 10.76 0.9885 1.36 TF E 56 

 

ST 5.442 10.756 0.9881 1.37 TF E 70 

CFTSe ST 5.664 11.33 1.0017 - PC E 67 

 

ST 5.694 11.286 0.991 - SC E 71 

 

ST - - - 1.19-1.25 NC E 72 

 

ST 5.689 11.284 0.9917 1.1 TF E 73 
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ST 5.685 11.293 0.9932 1.11 TF E 70 

CZFTS ST 5.432 10.823 0.9962 - PC E 53 

 

ST 5.427 10.837 0.9984 - PC E 54 

 

ST 5.441 10.796 0.9921 1.427 TF E 56 

CZTSe KS 5.695 11.345 0.996 1 PC E 15 

preferential growth occurs along the (110), (112) and (102)   directions. [76] Yu et al. [77] 

demonstrated that the most preferred growth direction in CZTS films on glass or Mo 

substrate is the (112) direction and  there was not much difference in the stability between 

the kesterite and stannite phases. Experimental studies also hinted that, in order to make 

and stabilize a kesterite CZTS, it is important to make use of the (001) and (100) surfaces, 

as this favours kesterite over stannite and disfavours the formation of wurtzite structures.  

Investigation on the effects of Se additions on the cleavage energies of kesterite and 

stannite CZTS showed that the addition of Se can stabilize kesterite. The Se alloying 

stabilizes all surfaces of both phases, mostly for the (001) and (100) surfaces. The presence 

of about 50 % of Se in the composite, the surface energies of (001) and (100) planes were 

lowered by 0.2−0.3 J/m
2
, whereas for the other three directions, a decrease of only ∼0.1 

J/m
2
 was seen: which is favourable for the kesterite formation. [76-77]  

 

Figure 10:  The structure of kesterite and stannite phases.  Red lines indicate the cleavage 

planes identified with Miller indices. [76] 

 



33 
 

2.4. Solar cells 

Photovoltaic (PV) solar cells are attractive and promising alternatives to fossil fuels as they 

are renewable in terms of the use of earth abundant materials. [78-80] It has been assumed 

that the present energy needs of the world can be met by covering 0.16% of the Earth’s land 

surface with PV solar cells with an efficiency of about 10%. [78] The direct band gaps of 

semiconductors have large absorption coefficients; therefore, much smaller thicknesses of 

these materials could be used. Because of this the TF solar cells need only mm thickness of 

active layers for efficient performance. [81] Most thin-film photovoltaic (PV) devices are 

made using direct band gap semiconductors with their absorption coefficients exceeding 

that of crystalline Si. PV solar cells are mainly classified into four classes they are,  

(i) Organic solar cell 

(ii) Dye- sensistized solar cells 

(iii)Kesterite solar cells 

(iv) Perovskite solar cells 

2.4.1. Organic solar cells  

These cells are made by using organic layers as the name implies. Organic based cells are 

broadly classified into two types. They are  

(i) Donor/acceptor heterojunction cells and  

(ii) Dye sensitized solar cells (DSSC’s). 

 

Figure 11: Schematic representation of an organic layer cell (left) and the possible electron 

transfer (right). [82] 

 

Donor/acceptor heterojunction cells: In these solar cells, a mixed donor (n-type) and 

acceptor (p-type) conducting layers are deposited. Figure 11 shows the schematic 
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representation of a donor/acceptor solar cell and the possible electron transfer.  These layers 

are selected based on their energy level split or the energy band. Preferably the donor 

should be strong light absorbing materials. 

The base materials of these hetero junction solar cells are made of solutions or vapour 

deposited conjugated polymers or small molecules. The main polymers used are poly- 3-

hexyl-thiophene (P3HT), fullerene derivative of phenyl-C61-butyric acid methyl ester 

(PCBM), perylenetetracarboxylic bisbenzimidazole (PTCBI) and copper phthalocyanine 

(CuPc). Studies showed that improved efficiency of the P3HT/PCBM cell was achieved by 

thermal annealing, because efficient phase segregation occurred during annealing. [82] 

After many years CuPc/PTCBI bilayer solar cells were converted into bulk-heterojunction 

solar cells. [83] Later on, fullerenes were used as acceptor materials in polymer solar cells 

because of its excellent charge transport properties. [84] 

2.4.2. Dye sensitized solar cells (DSSC)  

Dye-sensitized solar cells (DSSCs) are one of the most promising cost effective alternatives 

to conventional solar cells. [85-88] In the DSSCs a thin molecular layer or a mesoporous 

film of a sensitizer dye is adsorbed on a wide band gap n-type semiconductor such as TiO2, 

ZnO or SnO2.  Then the large inner surface of the sponge like open-pore n-type films is 

covered by the dye, which shows a high optical density at very thin films thicknesses (2-10 

mm). [82]  

 

Figure 12: p-type DSSC with spiro-MeOTAD, basic model (left) and level diagram (right). 

[89] 
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The main dyes used in DSSC are N719, Y123, ID504, and the hole conductor spiro-

MeOTAD. To date some p-conductors DSSC have been developed. The standard dye used 

today is the spiro-MeOTAD which is a triarylamine with very high solubility which in turn 

helps to make very good contact in case of p-type DSSCs. Figure 12 shows the schematic 

representation of a p-type DSSC with spiro-MeOTAD.  

In recent years CZTS has become the focus of attention in the field of photovoltaics. [90] 

Traditionally DSSCs are single junction solar cells, fabricated with a dye sensitised n-type 

(n-DSSC) or a dye sensitised p-type (p-DSSC) and a counter electrode (CE). Recently, p-

DSSCs and n-DSSCs have been combined and fabricated into double junction solar cells 

(pn-DSSC) which show better theoretical efficiency than that of the single junction DSSCs. 

[91, 92].  One of the key components in DSSCs is the counter electrode, which collects 

electrons from the external circuit to reduce I3
−
 to I

−
. [93] Pt was used as the counter 

electrode for the regeneration of iodine/iodide electrolyte system as it possesses a high 

electro catalytic activity. But Pt is very expensive and scarce. [94] The synthetic technique 

used for the development of the Pt-based  

 

Figure 13:  Scheme for the DS-TiO2/CZTS solar cell. Schematic diagram of possible 

electron transfer and recombination is also shown. The green arrows indicate the possible 

electron transfer and the dashed blue arrows show the possible electron recombination. The 

pink arrows are the most possible electron transfer route of a double junction solar cell. [99] 
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solar cells cell involves the use of toxic organic solvents including some ligand exchange 

treatment. [95] Therefore, thin films with earth-abundant elements made by low-cost, 

industrially scalable and non-toxic approaches would be essential for the development of 

Pt-free counter electrodes in DSSCs. Many promising compounds such as iron sulfide, 

cobalt sulfide, nickel sulfide, CFTS nanoparticles and CZTS have been investigated as a 

counter electrode in DSSCs. [95-97]  

A significant enhancement in the fill factor (FF) (defined as the ratio of the maximum 

power from the solar cell to the product of Voc and Isc) for the DSSCs with CZTS thin film 

CE is attributed due to the porous morphology and decrease in the internal resistance of 

elements. [98] The electrodeposited CZTS DSSCs achieved 7.3% efficiency. The CZTS 

cell was made by the sequential deposition of the metals followed by annealing. The 

schematic diagram of a DS-TiO2/CZTS solar cell with possible electron transfer is shown 

in Figure 13. [99] DSSCs fabricated with CFTS as a counter electrode showed excellent 

power conversion efficiency of 8.03%, which is relatively better than that of the Pt counter 

electrode. The improved performance is due to the superior catalytic activity of the CFTS in 

iodine/iodide electrolyte. [100] 

2.4.3.  Kesterite and Stannite solar cells 

Single junction solar cells made with GaAs [101], CdTe [102] and Cu(In,Ga)Se2 (CIGS) 

[102] have proved high efficiencies. However, the toxicity of As and Cd limits the wide use 

of CdTe and GaAs. [103-105] The use of CIGS, solar cells is also limited because indium is 

scarce. [106] Several materials with band gap between 1 to 2 eV have been tested to make 

efficient solar cells. Materials such as SnS, FeS2, Bi2S3, Cu2S and Cu2ZnSn(S,Se)4 (CZTS) 

were tested and Cu2S and Cu2ZnSn(S,Se)4 (CZTS ) showed efficiencies up to 10%. [107, 

108]  However Cu2S is unstable due to the diffusion of copper and hence CZTS was found 

to be the most promising candidate as a future absorber material. In the CZTS type cells, 

the CZTS layer acts as a p-type material with a layer of CdS, ZnS, ZnO or Zn(OH)2 as n-

type layer. Figure 14 shows a schematic representation of the CZTS solar cell. The 

electron-hole pairs are generated in the CZTS layer by the absorption of photons. These 

electron-hole pairs can be separated by the application of an electric field at the interface 

between p-type and the n-type membrane on top when the exciton binding energies are 

below kT and the charge carriers can be collected at the electrodes. [78]  
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Figure 14: Schematic diagram of a CZTS solar cell. 

2.4.4. Perovskite solar cells 

In very recent years, hybrid solar cells based on organic and inorganic halide perovskites as 

absorbers have emerged as a promising class for cost-efficient photovoltaics devises. The 

first perovskite solar cells were developed by replacing the organic dye in the dye-

sensitized  

 

Figure 15: Schematic representation of a hybrid perovskite solar cell. 

solar cell by CH3NH3PbI3 (ABX3). [109] The perovskite DSSC’s showed efficiencies over 

9%. [110] Snaith et al. developed  a device set up for a thin-film inorganic solar cell 

without a mesoporous n-type material [111] The perovskite solar cell is also called a hybrid 
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solar cell since the material is built of an organic cation and an inorganic poly-anion as 

shown in Figure 15. [78] 

2.5. Synthesis of Nanosized  Semiconductor 

Great efforts have been made to develop synthetic approaches for the production of high 

quality, crystalline, semiconductor NCs and thin films. According to the state of the 

reaction medium, the synthetic routes can be divided into main four classes;  

(i)  Vapour-phase approach,  

(ii)  Solid-phase approach,  

(iii) Liquid-phase approach, and  

(iv) Two-phase approach.  

Some of the main techniques for the synthesis of semiconductor NCs are ball milling, [186] 

chemical vapour deposition (CVD), [112, 113] metal-organic vapour chemical deposition 

(MOCVD), [187] molecular beam epitaxy (MBE), [113-117] magnetron sputtering [118] 

and laser ablation. [119]  

2.5.1. Synthesis of Nanoparticles 

The liquid-phase approach has proven more efficient in the synthesis of well-defined 

semiconductor NCs than the vapour and solid-phase approaches due to instrumental, 

precursor limitations and inefficient in terms of control over synthesis and quality of the 

NCs. The NCs synthesised by the liquid-phase approach are also referred to as colloidal 

semiconductor nanocrystals (CS-NCs) and are dispersed in suitable solvents, forming stable 

suspensions with the use of capping ligands/surfactants. [120] Tuneable energy structures, 

high optical absorption coefficients, large dipole moments, and the potential multiple 

exciton generation properties are the main attractions of this method. [121] For large scale 

device manufacturing, solution based techniques such as spin-coating, inkjet printing, and 

roll-to-roll casting using stable colloidal suspensions are more preferred because of low 

fabrication cost and ultrahigh throughput. [122, 123] 

Based on the types of reaction media, the liquid-phase approach can be further divided into 

three types:  

(i) Aqueous-based approaches: This involves chemical precipitation methods [124,125] 

and hydrothermal methods [124-127] which use environmentally friendly, 

biocompatible solvents and works at mild reaction temperatures. [128] The main 

disadvantage of these methods are lack of control on the morphology of NCs.    
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(ii) Organic-based approaches: In this method, high boiling organic solvents are used and 

the NCs synthesised have fine controlled morphology with the use of the organic 

ligands. [129-132] This involves the hot-injection method, [133] non-injection method 

[134-137] and the solvothermal method using autoclaves. [138-140] 

(iii)Aqueous-organic approaches: These methods are generally known as the interface-

mediated method or liquid-solid-solution (LSS) method [141-145] as the reactants 

involved are in different phases and the nanocrystals formed at the interface of aqueous 

and organic media. This method was originally introduced by Li [143] and An et al. 

[144] and was successfully applied in the synthesis of variety of nanocrystals including 

polymer nanoparticles. [143] Nanocrystals prepared by these methods, are often 

spherical or have common shapes favoured by their crystal structures. Mild reaction 

conditions and control over stoichiometry are the advantages of this method. [145] 

According to the LaMer model NCs formation mainly consists of two stages; a nucleation 

stage and crystal growth stage. [146] Initially, the precursors are dispersed in suitable 

solvents; monomers are generated by chemical reaction between precursors. As the 

concentration of monomers reach a super-saturation level, nuclei will be formed by the self-

nucleation and aggregation of monomers. The aggregation of monomers continues on these 

pre-existing nuclei, when the concentration of monomers drops below a critical level the 

nanocrystal growth occurs. New nuclei are also formed during the nanocrystals growth, 

which results in a size widening of the nanocrystals, size control of NCs mainly aims at 

narrowing the size distribution.[147] For controlling the size and size-distribution of NCs, 

the reaction parameters such as; 

(i) reaction temperature and time, 

(ii) injection temperature of the reactant in the case of hot-injection methods,  

(iii) reactivity and the concentration of precursors, 

(iv) solvent, surfactant and pH.  

The first strategy to adopt is to separate nucleation from the growth process. The nucleation 

process can be triggered by injecting the precursors into solvents at a higher temperature, 

followed by a reduction of the reaction temperature which then separates nucleation from 

growth. This method was introduced by Murray et al.  through the successful synthesis of 

monodisperse cadmium chalcogenide nanocrystals with high-quality. [135] In this method, 

dimethyl cadmium (Cd(CH3)2) was used as a Cd source; and bis(tri/dimethylsilyl) 

sulfide/selenide/telluride were used as the chalcogenide source. Solvents used were tri-n-
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octylphosphine (TOP) and tri-n-octylphosphine oxide (TOPO). The precursors were 

injected at 300 °C and the average sized CdX (X = S, Se, Te) NCs obtained within the 

temperature range of 112-115 °C.  This kind of rapid injection of precursors into a hot 

solvent is called the hot-injection method. To improve the quality of NCs by this method, 

rapid quenching of the reaction mixture or size-selective precipitation can be added with the 

procedure. These additional techniques were applied in the above mentioned synthesis of 

CdSe NCs; by dispersing the NCs in 1-butanol followed by the addition of methanol until 

the opalescence persisted followed by centrifugation. [133] 

Non-injection methods were used in the synthesis of ternary and quaternary chalcogenides 

such as CIS and CZTS NCs. In this method the precursor mixture was dissolved in a 

suitable solvent followed by the addition of a capping agent like oleylamine (OA) and then 

heating to a desired temperature under inert conditions. Figure 16 shows the schematic 

representation of the apparatus for the non-injection method. The particle size can be 

controlled by varying the reaction times and concentration of the precursor mixture.  As an 

example in the synthesis of CuInS2 NCs, CuI, In(OAc)3 and DDT were mixed in the 

octadecene (ODE) solvent, followed by the addition of OA heated up to 200°C under Ar. 

[136] The particle size was controlled (3.5 to 7.3 nm) by varying reaction times (20 - 120 

min).  

A similar thermolysis route has been adopted in the synthesise of wurtzite CZTS NCs, 

which involved the thermolysis of a mixture of metal dithiocarbamates:  copper(II) 

diethyldithiocarbamate [Cu(dedtc)2],  zinc(II) diethyldithiocarbamate [Zn(dedtc)2], tintetra-

(diethyldithiocarbamate) [Sn(dedtc)4], in the presence of hexadecanethiol and trioctylamine 

at 100 °C,  followed by heating to 250 °C for variable time span, depending on the desired 

particle sizes. [135] 
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Figure 16: Schematic representation of the apparatus setting for the non-injection method.  

2.5.2. Synthesis of Thin Films 

For the synthesis of thin films several methods were adopted. Among them chemical 

vapour deposition which produces high purity and high performance thin film 

materials.[148] In a typical CVD process the substrate is exposed to one or more volatile 

precursors which react and/or decompose on the substrate to produce the desired deposit. 

CVD processes are extremely complex and involve a series of gas phase and surface 

reactions. [148-150]  

The main steps involved are;  

(i) Evaporation and transport precursors in the bulk gas flow region into the 

reactor  

(ii) Gas phase reactions of precursors in the reaction zone to produce 

intermediates 

(iii) Mass transport of reactants to the substrate surface  

(iv) Nucleation and surface chemical reactions leading to film formation 

(v) Mass transport of remaining fragments of the decomposition away from the 

reaction zone.  
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There are different types of chemical vapour deposition available they differ by means of 

how chemical reactions are initiated (activation process) and the process condition used. 

The types of CVD include:  

(i) Atmospheric pressure CVD (APCVD): CVD process under atmospheric 

pressure 

(ii) Low-pressure CVD (LPCVD): CVD at a reduced pressure tends to reduce 

unwanted gas-phase reactions hence can improve the film uniformity quality.  

(iii) Direct liquid injection CVD (DLICVD): Precursor solutions are injected in a 

vaporization chamber towards reactors. This technique is suitable for use on 

liquid or solid precursors.  

(iv) Plasma-Enhanced CVD (PECVD): Allows deposition at lower temperatures by 

the help of plasma. 

(v) Remote plasma-enhanced CVD (RPECVD):  CVD process similar to PECVD 

except the wafer been removed from the plasma region allows processing 

temperatures down to room temperature.  

(vi) Atomic layer CVD (ALCVD):  used to deposit successive layers of different 

substances to produce layered films with crystalline structures.  

(vii) Hot wire CVD (HWCVD)/Catalytic CVD or hot filament CVD (HWCVD): The 

source gases decomposed chemically by a hot filament. 

(viii) Metalorganic chemical vapour deposition (MOCVD): CVD by the use of 

metalorganic compounds as precursors.  

(ix) Hybrid physical chemical vapour deposition (HPCVD): Involves chemical 

decomposition of precursor gas and the vaporisation of solid source.  

(x) Rapid thermal CVD (RTCVD): It uses heating lamps or other methods to 

rapidly heat the wafer substrate only which helps in reducing unwanted gas 

phase reactions that can lead to particle formation. 

(xi) Aerosol assisted CVD (AACVD): CVD process in which the precursors are 

transported to the substrate by means of a liquid/gas aerosol, which can be 

generated ultrasonically.  

 

2.5.3.  Aerosol assisted CVD (AACVD) 

This technique is suitable for use with non-volatile precursors. AACVD is a simple 

technique which can operate at an ambient-pressure using the nebulization of precursor 

molecules, followed by transport of the aerosol by an inert carrier gas such as argon or 
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nitrogen to a substrate surface heated in a furnace where thermal decomposition of the 

precursor occurs. The apparatus set up is shown in Figure 17. AACVD has been widely 

applied in the deposition of complex systems and has enabled the use of less volatile 

precursors than more conventional CVD methods. These have included high temperature 

superconductors and other oxides. [148] Ranges of stoichiometry controlled thin films of 

CdS, ZnS, and Cd1-xZnxS were deposited from Cd(SOCCH3)2-TMEDA and Zn(SOCCH3)2-

TMEDA (TMEDA = N,N,N,N-tetramethylethylenediamine). [148, 149] Marks et al. 

reported the deposition of metallic silver thin films using tris(phosphino)boratosilver(I) 

complexes [150] and Parkin et al. [151, 152] reported a single step route to the deposition 

of super hydrophobic surfaces through AACVD and deposition of ZnO thin films by 

AACVD.
 
Wijayantha et al. [153] synthesised polycrystalline α-Fe2O3 electrodes by aerosol-

assisted chemical vapour deposition from a ferrocene precursor. Mazhar et al. [154] 

demonstrated, the deposition of high quality NiTiO3 thin films from a single-source hetero 

bimetallic complex [Ni2Ti2(OEt)2(µ-OEt)6(acac)4]  precursor. [154] 

 

Figure 17: The experimental set up for the AACVD deposition of thin films. 

This method successfully applied for -Fe2O3 using 

[Fe6(PhCOO)10(acac)2(O)2(OH)2C7H8)]. [154] AACVD has recently been used for the 

deposition of various semiconductor materials including SnS,
 
[155] CZTS, [156] CuInSe2, 

[157] CuGaSe2, [158] CuIn0.7Ga0.3Se, [158] MoS2, [159] inorganic-organic perovskite 

(CH3NH3)PbBr3. [160] Hussain et al. [161] reported different morphologies of hexagonal 

FeSe from 1-benzoyl-3-(4-ferrocenylphenyl)selenourea under the influence of surfactants 

(span and triton) and temperature.
 
[162] Very recently bismuth vanadate (BiVO4) thin film 
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photo electrodes prepared by AACVD on fluorine doped tin oxide (FTO) glass substrates 

were produced. BiVO4 photo electrodes are promising for use in PEC water-splitting cells. 

[161,162] 

2.6.  Precursors for the Synthesis of Nanoparticles and Thin films 

The main consideration in the synthesis of semiconductor nanocrystals is the selection of a 

suitable precursor. The main attractions of metalchalcogenide precursors are it should be 

stable, have a direct metal-chalcogen bond, easily  

 

 

Figure 18: The main ligands used as precursors for the synthesis of semiconducting NCs.  

volatile and should decompose at a comparatively low temperature.  Figure 18 shows the 

main precursors used by researchers for the synthesis of metal-chalcogenide 

semiconductors:  

 

Scheme 1: The formation of metal dithio/selenocarbamato complexes. 



45 
 

the metal-dithio/selenocarbmates, metal-xanthates, metal-dithio/selenophosphates, metal 

dithio/selenophosphinates, dithio/selenophosphinatoformates, metal-thioxanthates etc. 

Dithiocarbamate complexes have some advantages over other precursors.  They can 

stablisise a wide range of oxidation states and hence can bind with all metals including Cu, 

Zn, Fe, Sn, Cd, Ni, Sb, Bi, Ni etc. The compounds formed are stabilised by resonance. 

Dithiocarbamate C-S bonds are easier to break than P-S   bonds because, compared to 

oxygen, sulfur atoms possess lower electronegativity hence can stabilise the metal 

complexes more easily. 

 

Scheme 2: The formation of metal selenophosphinato complexes 

Dithiocarbamates with symmetrical and unsymmetrical R groups can be made, depending 

on the substituent.  The general formulae for symmetrical metal dithiocarbamates are 

[M(E2CNR2)2]  and for unsymmetrical are [M(E2CNR1R2)2] where R1 = Me, Et, or iPr  and 

R2 = Et, nPr, iPr, or nBu.  The formation of metal dithio/selenocarbamato complexes are 

shown in Scheme 1 and thiophosphinato complexes in Scheme 2. 

2.7.  Summary  

Based on the above discussion, the aims of this project fall into four broad categories.  

Firstly to synthesise metal organic complexes. This will be achieved by using a range of 

synthesis of ligands and then reacting with metal salts to make metal-chalcogenide bonds, 

such that they may bind to the labile coordination position on the central metal, hence on 

decomposition will give metal chalcogenide compounds. The metal organic complexes will 

be structurally characterised by methods including NMR, IR, MS, elemental analysis and 

single crystal X-ray diffraction.  The decomposition of the as-synthesised metal-organic 

complexes will be analysed by the thermal gravimetric analysis.  

The second broad theme is to use these complexes and mixtures of them for the deposition 

of thin films including SnS, SnSe, Cu2SnSe3, Cu2ZnSnS4, Cu2ZnSnSe4 , Cu2FeSnS4, 

Cu2FeSnSe4 Cu2FeSn(SxSe1−x)4, Cu2ZnSn(SxSe1−x)4 Cu2(ZnyFe1−y)SnS4, 
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Cu2(ZnyFe1−y)SnSe4, Cu2(ZnyFe1−y)Sn(SxSe1−x)4 ,CdSe and CdSxSe1-x by Aerosol Assisted 

Chemical Vapour deposition (AACVD) technique. The effect of alkyl groups, coordinating 

atoms, deposition temperatures and composition of precursor on phases and morphologies 

of the films will be studied. The structure, morphology and composition of the deposited 

films will be characterised by using powder X-ray diffraction (p-XRD), scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), transmission electron 

microscopy (TEM), selected area electron diffraction (SAED) and atomic force microscopy 

(AFM). The optical and electrical properties of the films will be studied by UV-Vis and 

room temperature resistance measurements. Detailed parametric studies will be carried out 

to optimise the deposition parameters for Cu2ZnSnS4, thin films for the fabrication of a 

simple Dye Sensitized Solar Cell (DSSC) and its performance under one sun radiation.  

 

The third aim of this project is the development of a novel synthetic technique for the 

synthesis of Cu2Zn1-xFexSnS4 nanoparticles (x = 0 to 1) with detailed compositional studies 

based on the p-XRD patterns and EDX. The optical and magnetic properties of these 

materials will be analysed by UV-Vis spectroscopy and SQUID magnetometry. A final aim 

of this project is to develop electronic devices such as organic field-effect transistors 

(OFETs), LED’s etc. 
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CHAPTER - III 

Literature review of Cu2ZnzFe1-zSn(S1-xSex)4 semiconductors and 

solar cells. 

 

3.1. Photovoltaic performance of copper based chalcogenides and 

development of improved efficiency materials 

The efficiency and stability of copper chalcogenide structures can be improved by the 

addition of metals like Al, Ga and In to them. The photovoltaic performances of copper 

based ternary composites with formulae CuXS2/Se2 (X - Al, Ga, In) were studied in detail, 

amongst these CuInS2/Se2 have shown high efficiencies ( 20%). However, the very low 

annual production of In makes it less economic. [163] The crystal structure of these ternary 

materials CuXS2/Se2 resembles the zinc-blende structure, in which each of the two cations 

Cu
+
 and X

3+ 
is tetrahedrally coordinated by four anions of S/Se, but the S/Se anion is 

coordinated by 2Cu
+
 and 2X

3+
. The conduction band of CuXS2/Se2 is mainly composed of 

Cu 3s orbitals hybridized with the p orbitals of element X, and the valence band is 

dominated by Cu 3d orbitals hybridized with S-3p or Se-4p. [164,165]  

The direct band gap of CuXS2 can be adjusted by doping with different elements, X or 

replacing S with Se. The DA (donor-acceptor) pair in the band structure can be introduced 

by the incorporation of X. Usually; the donor is mainly the copper vacancy while the 

acceptor is mainly the Cu–X antisite defect (X
2-

Cu+). [166] It has been demonstrated that the 

donor–acceptor transition directly affects the photoluminescence rather than the band gap 

transition. [167, 168] Further studies later showed that the addition of Zn
2+

 and Sn
4+

 into 

Cu2S/Cu2Se can modify their properties in the solid solution just like In
3+

 does in CuInS2. 

[165,169] In the crystal structure, anions of S/Se act as a backbone and the Cu
+ 

and X
3+

 

distributed in the crystal structure, which then leads to the formation of different defects as 

the Cu–X antisite defects by the misdistribution of Cu
+
 and X

3+
. [166]  In the crystal 

structure of CZTS, the S
2-

 anions work as a backbone, while the Zn
2+

, Cu
+, 

and Sn
4+

 are 

distributed as mobile ions and free holes are introduced in the structure; which cause the p-

type conduction as  shown in Figure 19. [166]  

Cu2ZnSnS4 (CZTS) is a strong absorber material; as it consists of earth abundant and non-

toxic elements, hence easy to scale up to meet the present demand. [62,170-172] 
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Consequently, CZTS related materials such as Cu2ZnSnSe4 (CZTSe) and Cu2ZnSn(S,Se)4 

(CZTSSe), Cu2FeSnS4 have also attracted considerable attention as an absorber for single 

junction thin film solar cells in recent years. Some of the main properties of CZTS based 

material which is making it more attractive: mainly it is a kesterite type material and its 

crystal structure is similar to that of CIGS but differs only in the identity of the atoms 

present  

 

Figure 19: CZTS formation from Cu2SnS3 and ZnS replacing Zn
2+ 

by Cu
+
 and hence 

producing hole/ acceptor site.  

at the Fe
3+

 site of the chalcopyrite structure from where it is derived. This structural 

similarity helps to account for the similar optical and electronic properties of the two 

materials. [173] 

The absorption coefficient and effect of composition on the band gap of the fabricated films 

were studied by using UV-Vis spectroscopy. The absorption coefficient (α) is calculated 

using the relation [59,174,175] 

                      α(λ) = (1/t)ln{[1 − R(λ)]/T(λ)}  …………..    Eq. 2 

Where, t is the thickness of the film, T(λ) is transmittance, and R(λ) is reflectance of the 

sample.  

 The optical band gap of the sample is determined from the relation  

                        αhv = C(hv − Eg)
n
, [59,175]   …………     Eq. 3 

Where, Eg is band gap energy, h is Planck’s constant, ν is the frequency of the photon, and 

C is a constant. The value of exponent “n” in the above relation depends on upon the nature 
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of the optical transition. Since quaternary semiconductor is the material of direct band gap 

nature [174-176] the value of “n” is taken as ½. 

The CZTS-based solar cells possess a high theoretical efficiency as the Shockley–Queisser 

limit (SQL) of CZTS-based materials is  about 30.9% (for a band gap of 1.0 eV), [176, 177] 

which is closer to the SQL maximum for a single junction solar cell (33.7%) with a band 

gap of 1.34 eV. [177] Another reason for the high efficiency of CZTS-based materials is: 

they are direct band gap semiconductors with high absorption coefficients of 10
4
-10

5
 cm

-1
. 

[111] Therefore, a 2.5 μm thick CZTS film with an α = 10
4
 cm

-1
 can absorb more than 90% 

of the incident light, which makes them highly cost effective. [178]  CZTS-based materials 

are p-type semiconductors with a hole density of around 10
16

 cm
-3

, which is found to be the 

main cause for the high efficiency of CIGS solar cells. [177]  

Several experimental studies, on the phase formation of CZTS-based films, were conducted 

and concluded that the kesterite structures are more useful in solar cell applications of 

CZTS than the stannite structure, as the kesterite contain a very high concentration of non-

stoichiometric intrinsic defects. [178-181] Studies also revealed that it is very difficult to 

avoid the secondary phases in CZTS because the Cu and Sn-rich phase accumulated near 

the top and are Zn-rich at the bottom of the kesterite films. [182,183] In stoichiometric 

CZTS and CZTSe materials, the density of [2CuZn
+
+SnZn

2+ 
] can be as high as 10

18
 cm

-3
 

which induce a downward shift in the conduction band edge by 0.4 eV in CZTS and 0.1 eV 

in CZTSe. [184] CZTS with an off-stoichiometric composition showed comparatively high 

efficiency: a Cu-poor and Zn-rich composition, with [Cu]/[Zn + Sn] ratio of around 0.8 and 

a [Zn]/[Sn] ratio of around 1.2. [185] Based on theoretical reports,  it has been argued that 

an off-stoichiometry is favourable for attaining higher efficiencies as it avoids the deep-

level donor defects such as SnZn
2+

 and its related recombination clusters such as [2CuZn + 

SnZn
2+

]. The formation of CuZn and copper vacancy (VCu) are seen in CZTS and CZTSe, the 

deeper acceptors are CuZn hence it is more effective as a trap and recombination centre 

which in turn leads to high-efficiency solar cells [184, 186] Under Cu-poor and Zn-rich 

conditions, the density of CuZn is higher than VCu, hence shows a higher efficiency. [185] 

These results were supported by the low-temperature PL of CZTS, where two shallow 

acceptors with energies; 10 ± 5 and 30 ± 5 meV were found above the valence band edge. 

[124]  

Solar cell performances using CZTSSe absorbers with different stoichiometric ratios also 

demonstrated high efficiency for Zn-rich phases. This might be due to the avoidance of 
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unwanted Zn-poor secondary phases and the formation of less detrimental ZnS secondary 

phase. A Cu-poor composition was favourable, due to the avoidance of Cu2S which can 

introduce shunting pathways because of its low resistivity. Shunting pathways usually 

lower the fill factor (FF) of the solar cells. High Sn concentration leads to the SnS2 which is 

less detrimental to device performance. [187] Additionally, Cu-poor solar cells with lower 

Zn concentration have shown high efficiency, as it can avoid the formation of ZnS or ZnSe 

phases. [188] It has been noticed that the region adjacent to the CZTSe/ZnSe interface; was 

found to be Cu and Sn poor which introduce trap states which slow down the flow of 

charge carriers. [189] There are chances of  formation of n-type ZnSe in this situation; 

which reduce the transport of the minority charge carriers towards the p–n junction and  

narrows the conduction pathways for charge carriers,  which in turn increase the shunt 

resistance (Rs) and  lowers the FF of the solar cell. The formation of nanometer-sized ZnSe 

network can be avoided by using the Cu-rich and Zn-rich films. The stability and 

composition of CZTS currently hold a challenge as theoretical studies revealed, only for a 

small range of chemical potentials, the CZTS phases are stable, and precipitates like CuS or 

Cu2S are easily formed during its synthesis. [190] 

The performance of CZTS materials can be further improved; by controlling of the 

stoichiometry of the materials and by the incorporation of extrinsic impurities, such as Fe 

(to replace Zn from CFTS) or Se (to replace S and form CZTSe). [169, 191, 192] 

Substituting the S with Se in CZTS-based solar cells improves solar cell performance. 

[40,193] Theoretical studies suggested that the higher efficiencies of CZTSe compared to 

CZTS is due to the formation SnZn
2+ 

and selenium voids (VSe),  which are considered as the 

deep level donor defects. CZTS and CZTSe has a smaller downward conduction band edge 

shift caused by [2CuZn+ SnZn
2+

] leads to lesser electron trapping effect. [194] These 

improvements in the efficiency of the solar cell when S are replaced by Se had been 

experimentally investigated. [194-196] When CZTS-based solar cells with a different 

[S]/[S + Se] ratio (0.35, 0.8, and 1) were compared; it was found that solar cells with a 

lower [S]/[S + Se] ratio had a higher efficiency (7.4%, 5.3%, and 3.5%). This is because the 

current density (Jsc) increased due to the improved carrier concentration and the defect 

depth also found to be increasing with increasing [S]/[S + Se] ratio.[194-196] Deeper 

defects are comparatively less desirable as they act as effective recombination centres. 

Although high efficiency CZTS-based solar cells with Se, the use of Se is less favourable in 

terms of material abundance as the abundance of Se is almost similar to In. [111, 195] 
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The band gap of CZTS material decreases with increase in Fe ratio, because of the 

contributions from delocalised Zn s orbitals by the more localised Fe d orbitals, which 

results in the spatial confinement of the electronic wave function and a decrease in 

bandwidth. [197] The ease of incorporation of Fe in CZTS allows for the selective tuning of 

the band gap and the lattice parameters. For Si, which has an indirect band gap of 1.12 eV 

at 300 K, the optimal band gap for a top layer is between 1.70 and 1.76 eV. [198,199] The 

Fe/Zn ratio of the alloy enters the optimal band gap region at around x = 0:8 and at this 

composition stannite is thermodynamically stable, the mismatch in the lattice at this 

composition was found to be is less than 1%, which enhances the formation of the 

heterostructure. For larger Fe concentrations, the band gap increases and the slight decrease 

in the lattice volume makes the CZFTS alloy a future solar cell candidate. [194] The post 

sulfurized CZFTS (0 ≤ z ≤ 1) films deposited by spray pyrolysis showed absorption 

coefficient values above 1 × 10
4 

cm
−1

 in the visible range, which is a benchmark for the 

absorber layer in  thin-film solar cells. [197] In order to determine the bandgap energy Eg 

(Z) of an alloy A(1−Z)BZ , according to the band gap bowing model for alloys, the Vegard 

type analysis can be used. The compositional dependence of the band gap can be described 

by the following equation. [194, 200, 201]         

            Eg(Z) = (1 – Z)Eg(A) + ZEg(B) –b (Z(1 – Z))                        ………..  Eq. 4 

which represents a linear approximation between the band gaps of the pure constituents 

A[Eg(A)] and B [Eg(B)] corrected by the alloy specific “optical bowing constant” b.  

In order to apply Eq. (4) to CZTS(1-x)Sex alloy and CZ(z)F(1-z)TS 

Eg CZTSSe(x) = xEg CZTSe + (1 − x)Eg CZTS − bx(1 − x)       …   Eq. 5 

   Eg CZFTS(z) = zEg CZTS + (1 − z)Eg CFTS − bz(1 − z)              ………..     Eq. 6 

Where, b is the specific “optical bowing constant” which describes the degree of 

nonlinearity.  

This variation can be demonstrated by the combination of effects, including  

(i) electron exchange and redistribution as a consequence of the difference between the 

electronegativities of atoms,  

(ii) the impact of crystal lattice variation on band structure, and  

(iii) differently positioned constituents resulting from the internal structural relaxation of 

the anion-cation bond lengths and angles. [192,151] 
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The bowing constant b can be obtained by fitting. Some of the experimental data were 

found to be best fitted with parabolic function and bowing constant b = 0.1 ± 0.05 eV. [56] 

The relatively small bowing constant suggests good miscibility of CZFTS alloy. [56, 141, 

152] Similarly, the zinc alloyed iron pyrite (Fe,Zn)S2 has been reported to have parabolic 

band gap tuning with increasing Zn content. [73] Therefore, the parabolic trend of the band 

gap with increasing Zn content is probably influenced by the following factors:  

(i) The difference between electronegativities of Zn (1.65) and Fe (1.83) atoms contributes 

to exchange and redistribution of electrons and 

(ii) The change in the crystal lattice with variation in (Zn, Fe) stoichiometry in CZFTS 

crystal greatly impacts band structure. [141, 202] 

Shibuya et al. by the first principle studies reported the band gap variations of CZFTS 

alloys. Their band gap with varying Zn:Fe composition in CZFTS alloy varied slightly from 

parabolic if the structural transition from stannite to kesterite is considered but showed 

more bowing in the experimental studies. [56, 57, 202-207] This is because the reported 

band gap was a quasiparticle gap, which excluded on-site excitations associated with the 

iron d- band. [192, 207] The structural transition needs further studies and needs to consider 

various factors and parameters to get improved efficiency. 

In 1966, Katagiri et al. reported first CZTS vacuum-deposited solar cell with 0.66% power 

conversion efficiency. [62] Very recently, 5.2% efficiency was reported from the p-n 

junction. [208] In 2008, by the optimization of the metallic precursor concentration, 

deposition parameters and growth techniques the PCE of 6.7% from a vacuum-based CZTS 

solar cell was achieved. [209] In 2010, PCE to 9.7% was reported from the solution 

processed hydrazine-based  CZTSSe material, [61] whereas the solar cell developed by the 

colloidal nanocrystal-based CZTSSe showed a PCE 7.2% [193]  mean time the CZTS 

based solar cells fabricated by thermal evaporation method showed a PCE of 6.8 %. [210] 

A 10.1% PCE was achieved for the kesterite absorbers, such as Cu2ZnSn(Se,S)4 thin-film 

solar cell made by hydrazine-based solution processing. In 2011, a PCE of 10.1% was 

obtained from kesterite type Cu2ZnSn(Se,S)4 thin-film solar cell made by hydrazine-based 

solution processing. [211] By 2012, vacuum based methods provide a lower efficiency of 

9.15% using the CZTSe absorber layer by the co-evaporation method. [212] CZTSSe-based 

TFSCs indicate the best efficiency of 11.1% is achieved using a solution based hybrid 

slurry process.[213] In 2014, the highest efficiency 12.6% was reported for CZTS-Se solar 

cell. [214-217] 
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Chalcogenides of the Cu2-II-III-IV-VI4 (II = Zn, Cd; IV = Ge, Sn; VI = S, Se) family 

including Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe), Cu2ZnSn(S1-xSex)4 (CZTSSe), 

Cu2FeSnS4(CFTS), Cu2FeSnSe4(CFTSe), Cu2ZnzFe1−zSnS4 (CZFTS) have been 

extensively studied  as alternative photon absorber due to their high absorption coefficient 

(104 cm
−1

 ) in the visible spectrum range and optimal bandgap 1 to 1.5 eV. All these 

materials were formed from earth-abundant and relatively cheap and environmentally 

benign elements. The structural, morphological, optical and electrical properties of these 

materials can be tailored by controlling the synthetic parameters such as compositions, 

temperature, and time. The fabrication and the efficiencies of the solar cells made from 

these materials are reviewed. The main solar energy efficiency of quarternary and multnary 

copper based chalcogenide materials; synthetic techniques, band gap, the configuration of a 

solar cell or DSSC’s and the efficiency of the as synthesised devices are shown in Table 2. 
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3.8. Summary 

In summary, the potential applications of these materials are reviewed in 

detail: the synthetic pathways starting from simple to complex techniques 

and less efficient to more efficient device fabrications were analysed. The 

urge for cost effective highly efficient devices and synthetic methods to 

avoid draw backs of the current devices and techniques are well explored. 

Some of these techniques are simple and useful which needs further research 

in order to get high-efficiency low-cost devices. Many synthetic routes need 

further studies and the fabrication techniques are not meeting the current 

demand of devices. Moreover, stability of the devices and techniques are 

more challenging. Excellent techniques with minimum short comings for 

developing highly efficient, economic and very stable solar cells and devices 

is an area for potential research in the near and far future.  
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a b s t r a c t

The synthesis of the asymmetric dithiocarbamates of tin(II) with the formula [Sn(S2CNRR')2] (where
R¼Et, R'¼n-Bu (1); R¼Me, R'¼n-Bu (2); R¼R'¼Et (3)) and their use for the deposition of SnS thin films
by aerosol-assisted chemical vapour deposition (AACVD) is described. The effects of temperature and the
concentration of the precursors on deposition were investigated. The stoichiometry of SnS was best at
higher concentrations of precursors (250 mM) and at 450 1C. The direct electronic band gap of the SnS
produced by this method was estimated from optical absorbance measurements as 1.2 eV. The
composition of films was confirmed by powder X-ray diffraction (p-XRD) and energy dispersive analysis
of X-rays (EDAX) spectroscopy.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Tin monosulphide (SnS) [1] is a promising candidate amongst
the IV–VI semiconductors for sustainable photovoltaic and
optoelectronic applications [2]. SnS has intense absorbance
(α�104 cm�1) across the electromagnetic (EM) spectrum, and a
direct band gap of 1.4 eV [3], similar to that of silicon, and can
harvest solar radiation from the near-infrared region of the EM
spectrum and upwards in energy. The constituent elements, tin
and sulphur, are abundant, inexpensive, less toxic and generally
less environmentally harmful as compared with materials such as
lead sulphide (PbS) and cadmium sulphide (CdS). The SnS binary
system is simpler compared to multicomponent materials with
potential for photovoltaic applications such as copper zinc tin
sulfides (CZTS) [4,5] and the copper indium gallium sulphides and
selenides (CIGS, CIGSe) [6]. Theoretical solar conversion efficiency
values of SnS are ca. 24% [7]. So far, solar cells using SnS absorbers
with efficiencies of only ca. 2% have been developed [8], and thus
the potential for improvement is great.

Processes used for deposition of SnS thin films include chemical
bath deposition (CBD) [9], successive ionic layer adsorption and

reaction (SILAR) [10,11] and electrochemical deposition [12–14].
Other methods such as thermal evaporation [15], chemical vapour
transport (CVT) [16], atomic layer deposition (ALD) [17,18], spray
pyrolysis [19,20], dip deposition [21], and pyrolysis [22] have also
been reported.

Chemical vapour deposition (CVD) using single-source precur-
sors is a facile route to SnS thin films. Variations of CVD processes
such as aerosol-assisted chemical vapour deposition (AACVD)
[23,24] and atmospheric pressure chemical vapour deposition
(APCVD) [25,26] have attracted attention for the deposition of
SnS due to their ease of use and potential for scale up. AACVD in
particular offers the advantage that less-volatile precursors can be
used, thus widening the types of molecules that can be used to
deposit thin films. Single-source precursors in particular offer an
advantageous route in CVD especially, as complicating factors
such as pre-reaction in the vapour can be avoided [27]. SnS thin
films have been deposited by CVD from thiocarbamate precursors
such as Sn(S2CNEt2)4 [28,29]. (Sn(S2CNEt2)4, tin thiolates and
dithiolates [25,28,30], as well as from tribenzyl tin(IV) chloride-
thiosemicarbazone compounds [23]. We have previously reported
the deposition of SnS thin films by AACVD using heteroleptic
di-organo tin(IV) bis-dialykyldithiocarbamate complexes of formula
[Sn(C4H9)2(S2CN(RR’)2)2] (R, R'¼ethyl; R¼methyl, R’¼butyl; R,
R’¼butyl; R¼methyl, R’¼hexyl) and [Sn(C6H5)2(S2CN(RR')2)2]
(R, R'¼Et; R¼Me, R'¼n-Bu; R, R'¼n-Bu; R¼R'¼Et) [31]. We report

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jcrysgro

Journal of Crystal Growth

http://dx.doi.org/10.1016/j.jcrysgro.2014.07.019
0022-0248 & 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

n Corresponding author at: School of Materials, University of Manchester, Oxford
Road, Manchester M13 9PL, United Kingdom. Tel.: þ44 161 275 4653.

E-mail address: Paul.O'Brien@manchester.ac.uk (P. O’Brien).

Journal of Crystal Growth 415 (2015) 93–99

http://dx.doi.org/10.1016/j.jcrysgro.2014.07.019
http://dx.doi.org/10.1016/j.jcrysgro.2014.07.019
http://dx.doi.org/10.1016/j.jcrysgro.2014.07.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2014.07.019&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2014.07.019&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2014.07.019&domain=pdf
http://dx.doi.org/10.1016/j.jcrysgro.2014.07.019


here the growth of SnS thin films using tin(II) complexes of general
formula [Sn(S2CNRR')2] (Fig. 1). These pre-cursors contain tin in the
correct oxidation state for SnS, and may thus give a straightforward
route towards this interesting material.

2. Experimental

2.1. General

Reagents and solvents were purchased from Sigma Aldrich or
Fisher and used without further purification. All reactions were
performed under inert atmosphere. The compounds produced
were dried in vacuo at ambient temperature in a vacuum desic-
cator over calcium chloride.

2.2. Instrumentation

NMR spectra were recorded using a Bruker NMR instrument.
Mass spectra were recorded using a Kratos Concept 1S instrument
or a Micromass Platform II instrument. Melting points were
recorded using a Stuart SMP-10. Microanalysis was performed
using a Thermo Scientific Flash 2000 Organic Elemental Analyser
by the University of Manchester analytical service. Thermogravi-
metric analyses were performed using MT TGA/DSC 1. FTIR spectra
of compounds were measured using a using Specac ATR. Single
crystal X-ray diffraction was run using a Bruker Prospector
diffractometer and copper Kα radiation (λ¼1.54178 Å). The struc-
ture was solved by direct methods and refined by full-matrix least-
squares fit on F2. All non-H atoms were refined anisotropically. All
calculations were carried out using SHELXTL [32]. p-XRD patterns
of thin films deposited on glass substrate were measured using a
Bruker AXS D8 Discover diffractometer, using copper Kα radiation
(λ¼1.54178 Å). Films were scanned repetitively over a range of
diffraction angles (2θ) using a step size of 0.051 with a dwell time
of 0.5 s. SEM analysis was performed using a Philips XL-30
scanning electron microscope in secondary electron mode, and
EDAX carried out using a DX4 instrument. Films were coated with
elemental carbon using an Edwards model E306A thermal eva-
porator prior to SEM and EDAX analyses. EDAX analysis using
Espirit software included an automatic correction for carbon
coating. Band gaps were measured using a Varian Cary 5000
UV–vis absorption spectrometer.

2.3. Synthesis of [Sn(S2CN((C2H5)(C4H9))2] (1)

N,N-ethylbutyl amine (5.0 g, 49 mmol, 1.0 eq.) and NaOH (2.0 g,
49.4 mmol) in methanol (100 mL) were mixed and cooled to 0–
5 1C, followed by the dropwise addition of carbon disulphide
(3.8 g, 49 mmol, 1.0 eq.) The resulting mixture was then stirred
for a further 30 min, followed by the dropwise addition of tin(II)
chloride (4.7 g, 24.5 mmol, 0.5 eq.) in methanol (25 mL). The
reaction mixture was stirred for a further hour, after which time
a creamy or pale yellow powder formed which was filtered and
washed with hexane and dried and kept under vacuum to give the
title product as a cream powder. Yield¼3.1 g (27%). M.pt.: 121–
125 1C: Elemental analysis: Calc. for C14H28N2S4Sn: C 35.7 H 6.0 N
5.9 S 27.2 Sn 25.2%. Found C 35.8 H 5.8 N 5.8 S 26.8 Sn 24.4%. FTIR
(νmax/cm

�1) 2953(w), 2926(w), 2865(w) 1489(s) 1441(m) 1299

(m), 1253(m), 1204(m), 1189(m) 1121(m). 1H NMR (400 MHz,
CDCl3) δ ppm: 0.96 (6H, t, Bu CH3), 1.38 (8H, q, CH2 ), 1.77 (6H, t,
CH3), 3.72 (4H, q, Et NCH2), 3.82 (4H, t, J¼8 Hz, Bu NCH2).

119Sn
NMR (149 MHz, CDCl3) δ ppm: �522 (s). Crystals of (1) suitable
for single crystal X-ray diffraction were grown from diffusion of
hexane into a chloroform solution of the tin(II) complex.

2.4. Synthesis of [Sn(S2CN((CH3)(C4H9))2] (2)

(2) was synthesised by the method presented for complex (1),
but using N,N-methylbutyl amine (4.3 g, 49 mmol, 1.0 eq.) and
tin(II) chloride (4.7 g, 24.5 mmol, 0.5 eq.) to give a pale
yellow powder. Yield¼4.1 g (35%). Elemental analysis: Calc. for
C14H24N2S4Sn: C 32.4 H 5.5 N 6.3 S 28.9 Sn 26.8%. Found C 32.2 H
5.4 N 6.1 S 23.0 Sn 25.6%. M.pt. 125–128 1C. FTIR (νmax/cm

�1):
2924.9 (s), 2854(w), 1489 (s),1385 (s), 1236 (m), 1188 (s), 1142 (m),
1075 (m) 966 (s). 1H NMR (400 MHz, CDCl3) δ ppm: 0.9 (6 H, t,
J¼8 Hz, But CH3),1.3(4H, q, Bu CH2),1.75 (4H, m, But CH2) 3.18 (6H,
s, J¼8 Hz, NCH3, 3.58 (4 H, t, J¼7.35 Hz, NCH2).

119Sn NMR
(149 MHz, CDCl3) δ ppm: �538 (s).

2.5. Synthesis of [Sn(S2CN(C2H5))2] (3)

(3) was synthesised by the addition of tin(II) chloride (4.1 g,
22 mmol, 1.0 eq.) in methanol (50 mL) to the trihydrated mono-
sodium salt of diethyl dithiocarbamate (10 g, 44 mmol, 2.0 eq.) in
methanol (100 mL). The product precipitated as a fine yellow
powder which was isolated by filtration, washed with hexane
(2�20 mL) and dried under vacuum to furnish the title product.
Yield¼5.4 g (59%). M.pt. 120–128 1C. Elemental analysis: Calc. for
C16H32N2S4Sn: C 28.9 H 4.9 N 6.7 Sn 28.6%. Found C 28.3 H 4.8 N
6.5 Sn 27.0%. M.pt. 123–125 1C. FTIR (νmax/cm

�1): 2965 (w), 2941
(w), 1509 (s), 1483 (s), 1350 (m), 1260 (m), 1142 (m), 1199 (m) 1131
(m). 1H NMR (400 MHz, CDCl3) δ ppm: 0.90 (6H, t, J¼8 Hz, Hex
CH3), 1.35 (12H, t, Hex Et, CH3), 3.08 (8H, q, J¼16 Hz, NCH2).

119Sn
NMR (149 MHz, CDCl3) δ ppm: �523 (s).

2.6. Deposition of tin sulphide thin films by aerosol assisted chemical

vapour deposition (AACVD) using tin(II) dithiocarbamate precursors.

In a typical deposition, 0.4–2.5 mmol of precursor (1), (2) or (3)
was dissolved in 10 mL of THF in a two-necked round-bottom
flask. The AACVD apparatus used for deposition has been
described elsewhere [31]. Briefly, A quartz tube reactor containing
borosilicate glass substrates (�1 cm�2 cm and 1 mm thick laid
short end-to short end) were placed in a pre-warmed Carbolite
furnace. The reactor tube was connected to the flask with a piece
of reinforced rubber tubing. The precursor solution was then set
up over an ultrasonic humidifier which formed the aerosol. The
aerosol droplets were carried to the reactor tube by a constant
flow of argon (160–180 cm3 min�1) into the round-bottom flask
for thermal decomposition to deposit products onto the substrate.

3. Results and discussion

3.1. Synthesis of precursors

Tin(II) dithiocarbamates (1) and (2) were prepared in good
yield from the reaction of carbon disulphide with a secondary
amine in the presence of a base, followed by metathesis of tin(II)
chloride to yield the homoleptic tin(II) complexes. Compound (3)

was accessed directly from metathesis of SnCl2 with the commer-
cially available sodium salt of diethyl dithiocarbamate. 119Sn NMR
spectra of (1)–(3) showed single peaks in the range �520 to
�540 ppm, indicative of a single tin(II) environment.

R

N

R'

S

S R

N

R'

S

S

Sn

(1); R = Et, R' = n-Bu
(2); R = Me, R'= n-Bu
(3); R = R' = Et

Fig. 1. The bis-(dialkyldithiocarbamato)tin(II) complexes studied as precursors for
producing SnS thin films by AACVD.
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3.2. Single crystal X-ray diffraction studies of a precursor.

Crystals of complex (1), grown by diffusion of hexane into a
chloroform solution of (1), were studied by single crystal X-ray
diffraction. The tin(II) ion is coordinated to four sulphur atoms via
two bidentate dithiocarbamate ligands (Fig. 2). Each ligand forms a
four-membered SnS2C ring with a short (2.5650(7), 2.5762(7) Å)
and a long (2.8356(8), 2.7379(7) Å) Sn–S distances. The sulphur
atoms with long Sn–S bonds are pushed further apart (S(4)–Sn(1)–
S(2) angle 140.361) while those with short Sn–S bonds are closer
together (S(3)–Sn(1)–S(1) angle is 95.891). The coordination envir-
onment of the tin centre is best described as a distorted square
pyramid with the formal lone pair of electrons on Sn(II) occupying
the apex of the pyramid. Data for the crystal structure is given in
the Supporting Information.

3.3. Thermogravimetric analysis.

The decomposition of the complexes was studied using ther-
mogravimetric analysis (TGA) in the range 25–600 1C at a heating
rate of 10 1C min�1 under a nitrogen atmosphere (Fig. 3). Com-
plexes (1)–(3) showed a single-step decomposition, with the
majority of the mass loss occurring in the temperature range
300–400 1C. Solid residues which remain after for (1) and (2) are
ca. 10% of the original weight for both complexes. Similarly,
(3) decomposes in a single step to leave ca. 17% of residue.
For precursors (1) and (2) the theoretical final mass should be
32% and 34% of the original mass for decomposition to SnS
respectively, whilst for (3) this figure is 36%. More weight is lost

than the theoretical amount required for the production of SnS in
all cases. The experimental weight losses do not equate to the
oxides of tin (SnO or SnO2) nor to elemental sulphur. We therefore
presume that during the TGA analysis that some sublimation
occurs in the major weight loss step before stable products are
produced.

3.4. Deposition of thin films by AACVD.

Thin films of tin(II) sulphide were deposited on glass substrates
by AACVD using THF solutions of precursors (1), (2) and (3) at
4 mM concentration, using deposition temperatures of 450 1C
and 500 1C. Grey adherent films were observed in all cases. The
deposited films were analysed by powder X-ray diffraction
(p-XRD). The p-XRD patterns of thin films deposited from com-
plexes (1)–(3) at 450 1C and 500 1C can be partly indexed to
orthorhombic SnS (PDF Card No. 00-033-1375, herzenbergite)
(Fig. 4),with the relatively highest intensity peak observed at
2θ¼31.501, corresponding to the (111) plane. Peaks could be
indexed as SnS: 25.981 (120), 27.441 (021), 30.44 1 (101), 39.011
(131), 45.481 (002), 48.511 (211) and 51.041 (122). Diffraction
patterns show an additional peak at 33.50 1 which has been
attributed to a SnO2 cassiterite phase [31].

Scanning electron microscopy (SEM) was used to investigate
the morphology of SnS thin films produced from AACVD. Bundles
of sheets consisting of small crystallites were deposited with
precursor (1). Precursor (2) gave uniformly distributed cross linked
bundles of sheets at 450 1C and 500 1C. Bundles of sheets were also
produced from precursor (3) at both temperatures (Fig. 5).
A summary of the morphologies of films is presented in Table 1.
Analysis of the SnS films by EDAX spectroscopy revealed that the
Sn:S stoichiometry was quite variable (Table 1). Films produced at
450 1C and 500 1C from precursor (1) generally gave near-to-
stoichiometric (percentage basis) SnS (55:45 and 49:51 respec-
tively), whereas precursors (2) and (3) gave non-stoichiometric,
tin-rich films in the ratio ca. 60:40, at both deposition
temperatures.

3.5. Investigating the effect of precursor concentration

An investigation into the effect of the precursor concentration
in the THF solution used for AACVD was conducted. Intensities of
p-XRD diffraction peaks obtained from films deposited at 450 1C
using four different concentrations of complexes (1)–(3) (80 mM,
170 mM and 250 mM) are shown in Fig. 6. The diffraction peaks
from films deposited were again indexed to orthorhombic SnS
(herzenbergite, PDF Card No. 00-033-1375). The intensity of the
SnO2 peak decreased with increasing concentrations of precursor.
At a concentration of 250 mM the peak corresponding to SnO2 was

Fig. 2. Crystal structure of (1) from X-ray diffraction data. Selected bond lengths (Å) and bond angles (1): Sn1–S1,2.570(7); Sn1–S2-2.835(8); Sn1–S4, 2.73(7); S(1)–Sn(1)–S
(2), 66.40(2); S(3)–Sn(1)–S(4), 67.84(2); S(4)–Sn(1)–S(2), 140.36(2); S(1)–Sn(1)–S(3)-95.89(2); S(1)–Sn(1)–S(4),85.65(2); S(3)–Sn(1)–S(2), 86.89(2).

Fig. 3. TGA traces of compounds (1)–(3). Horizontal lines (a), (b) and (c) represent
the theoretical % weight loss required to produce SnS from compounds (1), (2) and
(3): 32% (blue), 34% (green) and 36% (red) respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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diminished to a vanishingly low intensity. Thus it was possible to
produce pure films of SnS, eliminating contamination by oxides
of tin.

Higher concentrations of precursors (1)–(3) at 450 1C led to
films of a generally similar crystallite morphology by SEM (Fig. 7).

The morphologies of the films at every temperature and concen-
tration investigated in this study are summarised in Table 1.

The elemental composition of thin films deposited from using
higher concentrations of all precursors was investigated. EDAX
spectroscopy revealed the tin: sulphur stoichiometry of films

Fig. 4. p-XRD patterns of tin sulphide thin films deposited on glass substrates by AACVD using 40 mM of precursors (1)–(3) at A) 450 1C and B) 500 1C. Films were deposited
over 45 min in all cases. The (hkl) reflections corresponding to crystallographic planes in SnS (herzenbergite, PDF Card No. 00-033-1375) are labelled for (1) at 450 1C only for
clarity purposes. *¼reflections attributed to SnO2.

Fig. 5. Secondary electron SEM images of thin films deposited at different temperatures on glass substrates using precursors (1)–(3) at a concentration of 40 mM. (A) (1) at
450 1C, (B) (2) at 450 1C, (C) (3) at 450 1C. All films were deposited over 45 min. Scale bars 10 μm. (D) (1) at 500 1C, (E) (2) at 500 1C, (F) (3) at 500 1C. Scale bars 20 μm.
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(Table 1). At higher concentrations the Sn:S ratio approaches 1:1
for both precursors (2) and (3) at 450 1C. The same trend was also
observed for SnS films deposited using (1) as the single-source
precursor, but for this precursor the stoichiometry by EDAX
spectroscopy was 1:1 using a 250 mM solution. In general then,
the use of higher concentrations of precursors is crucial for the
formation of stoichiometric or near-to-stoichiometric films of SnS
for all precursors studied. The results are summarised in Fig. 8 and
the EDAX data used to plot the graph is presented in Table 1.

3.6. Determination of band gap for a stoichiometric SnS film.

UV–vis absorption spectroscopy was used to estimate the
optical band gap of the best film of SnS, grown using 250 mM
precursor (1) and a deposition temperature of 450 1C.

Extrapolation of the linear region of the plot of (αhν)2 as a
function of photon energy (hν), where α is the wavelength-
dependant absorption coefficient of SnS (for these films, α(λ)
4104 cm-1 in the linear region), estimates a direct band gap of
1.2 eV (Fig. 9). Measured direct band gaps of thin films of SnS have
previously been quoted in the range 1.0–1.7 eV depending on the
deposition method used. For instance, SnS films produced by Ray
et al. using dip deposition with tin(II) chloride and thiourea
precursors gave SnS with a direct band gap of 1.4 eV by photo-
conductivity measurements [21]. O’Brien and co-workers used
optical spectroscopy to evaluate direct band gaps of SnS deposited
from similar organo-tin(IV) dithiocarbamate complexes, with
values for the films of SnS deposited from the equivalent precursor
to (2) estimated as 1.2 eV, 1.2 eV, 1.6 eV and 1.7 eV for deposition
temperatures of 400 1C, 450 1C, 500 1C and 530 1C respectively

Table 1

Summary of SnS films produced by AACVD: elemental composition from EDAX spectroscopy, morphology of films from SEM and optical band gaps
obtained from precursors (1)-(3) at different temperatures and precursor concentrations.

Deposition temperature (1C) Precursor concentration (mM) EDAX (%) Morphology Band gap (eV)

Sn S

[Sn(S2CN(C2H4)(C4H9))2] (1)

450 40 55 45 Bundles of sheets �

450 80 55 45 Bundles of sheets �

450 170 51 49 Bundles of sheets �

450 250 50 50 Bundles of sheets 1.2 eV, direct
500 40 49 51 Bundles of sheets �

[Sn(S2CN(CH3)(C4H9))2] (2)

450 40 58 42 Bundles of sheets �

450 80 58 42 Bundles of sheets �

450 170 52 48 Bundles of sheets �

450 250 53 47 Bundles of sheets �

500 40 64 36 Bundles of sheets �

[Sn(S2CN(C2H4)2)2] (3)

450 40 59 41 Bundles of sheets �

450 80 58 42 Bundles of sheets �

450 170 54 46 Bundles of sheets �

450 250 53 47 Bundles of sheets �

500 40 61 39 Bundles of sheets �

Fig. 6. p-XRD patterns of SnS thin films deposited on glass substrates by AACVD using (A) 80 mM, 170 mM and 250 mM of (1) at 450 1C, (B) 80 mM, 170 mM and 250 mM of
(2) at 450 1C and (C) 80 mM, 170 mM and 250 mM of (3) at 450 1C. All films were deposited over 45 min. *¼reflection attributed to SnO2.
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[31]. The increasing band gap energy was attributed to a combina-
tion of strain, defects, charged impurities, disorder at grain
boundaries and particle size confinement. Contributions from
SnO2 and carbon impurities in the films were not ruled
out. Gao et al. prepared SnS films using chemical bath deposition
from a mixture of tin(II) chloride, ammonium citrate and sodium
thiosulfate at 60 1C and pH 6 which were found to have direct
band gaps in the range 1.0–1.3 eV [9]. Bulk SnS is known to
have a direct band gap of 1.4 eV [3]. Thus, the orthorhombic SnS
film produced by this method from (1) has a direct band gap
(1.2 eV) that corresponds well to previously reported films
from various deposition routes, including dip deposition (1.4 eV)
[21], AACVD (1.2–1.7 eV [31] and 1.2 eV [30]), atmospheric

pressure CVD (1.2–1.3 eV) [29], chemical bath deposition (1.0–
1.3 eV) [9] and thermal evaporation (1.3 eV) [15] all of which give
the same phase of SnS (orthorhombic) and have similar surface
morphology, and from their optical band gap are expected to be
similar in composition and texture to bulk orthorhombic SnS
(1.4 eV).

4. Conclusions

In summary, we report the synthesis unsymmetrical dithiocar-
bamates of tin(II) of the formula [Sn(S2CNRR')2] (where R¼ethyl,
R’¼n-butyl, (1); R¼methyl, R’¼n-butyl, (2); and R¼R’ ethyl, (3))
for the deposition of SnS thin films by AACVD. Decomposition of
the complexes has been studied using TGA measurements. Tin
sulphide (SnS) thin films have been deposited at a range of
temperatures by AACVD without an external sulphur source or

Fig. 7. Secondary electron SEM images of thin films deposited by differing concentrations of precursors (1), (2) or (3) at 450 1C, precursor/amount: (A) (1)/170 mM (B) (1)/ 
250 mM, (C) (2)/170 mM, (D) (2)/250 mM, E) (3) /170 mM, (F) (3)/250 mM. All films were deposited over 45 min. Scale bars: 5 μm.

Fig. 8. The effect of concentration of precursors (1)–(3) on the stoichiometry (%Sn
divided by %S found experimentally by EDAX) of SnS films deposited at 450 1C by
AACVD. The dashed line indicates an ideal 1:1 Sn:S stoichiometry i.e. SnS.

Fig. 9. Determination of the optical band gap for SnS produced by AACVD using
precursor (1) (250 mM, 450 1C deposition temperature, 45 min deposition time) by
extrapolation of the linear region in (αhν)2 as a function of photon energy.
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co-reagents. SnS was deposited by AACVD using complexes (1)–(3)
at 450 or 500 1C with some contamination from SnO2. AACVD
deposition of SnS thin films at 450 1C using precursors (1)–(3) at
varying concentrations was studied. The films produced at lower
concentrations were moderately contaminated with SnO2 which at
high concentrations reduced to negligible levels as evidenced by
p-XRD measurements. SEM combined with EDAX spectroscopy of
the SnS films have been used to characterise the structure,
morphology and elemental composition of SnS thin films. A direct
band gap of ca. 1.2 eV was estimated from optical absorbance
measurements of an SnS film of good morphology and
composition.
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Table S1:  Data from crystal structure of (1). 

Parameter Result 

  Formula C14H28N2S4Sn 

Formula weight, M 471.31 

Structure and Space group Monoclinic, P(2)1/n 

unit-cell dimensions 

 a 13.5900(9) Å 

b 8.6283(5)  Å 

c 17.749(11)  Å 

α 90 ° 

ȕ 103.956(2)° 

Ȗ 90 ° 

V 2019.8 Å 3 



Z 4 

density, D 1.55 Mg m-3 

temperature, T 100(2) K 

reflections collected/unique 

reflections 14032/3897 

R int 0.0461 

for [I>2σ(I)] 

 R1 0.0363 

wR2 0.0936 

for all data 

 R1 0.037 

wR2 0.0944 

goodness of fit, GOF 1.081 
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The aerosol assisted chemical vapour deposition
of SnSe and Cu2SnSe3 thin films from molecular
precursors†

Punarja Kevin,a Sajid N. Malik,ab Mohammad A. Malika and Paul O’Brien*a

Tin selenide (SnSe) and copper tin selenide (Cu2SnSe3) thin films have

been deposited onto glass substrates by AACVD using [Sn(Ph2PSe2)2]

or a mixture of [Sn(Ph2PSe2)2] and [Cu(acac)2] respectively.

Tin selenide (SnSe) is a p-type semiconductor with a direct

band gap of 0.9 eV and an indirect band gap of 1.3 eV. The

material finds application in optoelectronic devices,1 as a

thermoelectric material and in lithium ion batteries.2 Various

methods have been used for the deposition of SnSe thin films

which include atmospheric pressure chemical vapour deposition

(APCVD),3 pyrolysis,4 thermal evaporation5 and chemical bath

deposition (CBD).6 Cu2SnSe3 is also a p-type semiconductor.

In both cubic and wurtzitic forms, Cu2SnSe3 has a band gap

close to 1.5 eV whereas the rhombohedral form has a direct

band gap of 0.84 eV.7 Cu2SnSe3 has a high optical absorption

co-efficient4104.8 Its Hole transport is chiefly controlled by the

Cu–Se electro-conductive frame work.9 Cu2SnSe3 is based on

earth abundant elements, has a simple crystal structure and

phase diagram as compared to other quaternary chalcogenides.

These features make Cu2SnSe3 an attractive candidate for variety

of optoelectronic and solar energy applications.10 The uses of

Cu2SnSe3 are being explored in: acousto-optic applications,11

thermo-electronics,12 and biomedical applications.

Cu2SnSe3 nanocrystals have been synthesized by employing

a variety of techniques including: a microwave assisted polyol

method,13 colloidal synthesis14 and flash evaporation methods.15

However, there are very few reports on the deposition of thin

films. Kim et al. have recently reported the growth of Cu2SnSe3
crystals on soda lime glass substrate by the co-evaporation

method.16 They studied the effect of substrate temperature on

phase transformations between cubic and monoclinic phases

and determined optical properties. The precise control of both

the morphology and stoichiometry of Cu2SnSe3 films remains a

challenge. Chemical Vapour Deposition (CVD) is a promising

technique for deposition of such films and can provide control

over phase, morphology and microstructure. The utility of con-

ventional CVD is limited by its dependence on volatile precursors.

AACVD is a variant of CVD in which less or non-volatile pre-

cursors are flash evaporated. Sharma et al. have deposited SnSe

thin films by AACVD at 490 1C and 530 1C using a diorganotin(IV)-

2-pyridyl selenoate complex as single source precursor.17

Previously, we have reported the synthesis and use of seleno-

phosphinate complexes for deposition of binary, ternary and

quaternary metal chalcogenide thin films by AACVD.18,19

Krauss et al. reported the structure and the use of bis(diphenyl-

diselenophosphinato)lead(II) complex as a precursor for PbSe

nanoparticles.20 The deposition of CZTS thin films from

diethyldithiocarbamato-complexes of Cu, Zn and Sn by AA-CVD

has also been reported.21 Suitable mixtures of precursormaterials

with comparable thermal decomposition rate facilitate deposi-

tion and provide effective stoichiometric control especially in

the deposition of more complex semiconductor materials.21 We

have now synthesized a new complex bis(diphenylphosphine-

diselenoato)tin(II) [Sn(Ph2PSe2)2] and used it as a single source

precursor for the deposition of tin selenide (SnSe) thin films

by AACVD. We have also used it in combination with bis(2,4-

pentanedionato)copper(II) [Cu(acac)2] for the deposition of

Cu2SnSe3 thin films.‡

The preparation of [Sn(Ph2PSe2)2] complex was carried out in

two steps. Potassium diphenylphosphinodiselenoate was prepared

by the reaction of diphenylphosphine, elemental selenium and

potassium hydroxide as reported by Gusarova et al.22 The ligand

was then reacted with SnCl2 to give corresponding [Sn(Ph2PSe2)2]

complex. The product was characterized by FTIR, NMR, mass

spectrometry and elemental analysis. Thermogravimetric analysis

of the complex showed decomposition between 350 1C and 400 1C

to give a B21% residue corresponding to SnSe (Fig. S1, ESI†).

The deposition of SnSe by AACVD was carried out by using

a 0.19 mmol solution of [Sn(Ph2PSe2)2] in THF (15 mL).
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Deposition was carried out at 350 and 400 1C with an Ar flow

rate of 180 sccm for 45 min. No deposition occurred at 350 1C

whereas dark brown, well adhered films were obtained on glass

substrates at 400 1C. Fig. 1a shows p-XRD pattern of SnSe thin

films deposited at 400 1C. The pattern is indexed to the

standard ICDD pattern 00-048-1224 of orthorhombic SnSe

with preferred orientation along (111) plane. SEM images

(Fig. 1b and c) show the uniform morphology of microcrystalline

SnSe thin films. The morphology of the films is based on

irregular sheets with an average size of ca. 1.5 mm. Relative

atomic percentage of Sn and Se atoms determined by EDX

measurements was found to be 48 : 52 which is fairly close to

the expected value of individual grains. The band gap of SnSe

was found to be 1.1 eV (Fig. S2, ESI†) which is close to that

reported previously for this material.1

The deposition of Cu2SnSe3 was carried out by using a mixture

of [Cu(acac)2] (0.38 mmol) and [Sn(Ph2PSe2)2] (0.19 mmol) in

15 mL THF at three different temperatures (350, 400 and 450 1C)

for 1 hour. Deposition at 350 1C produced no thin films whereas

those at 400 and 450 1C produced uniform, shiny dark brown

films. The p-XRD patterns (Fig. 2a) of the thin films deposited

at 400 1C and 450 1C correspond to the standard ICDD pattern

03-065-4145 for cubic Cu2SnSe3 phase with space group F%43m.

Films deposited at 400 1C had a uniform morphology

(Fig. 3a) whereas two distinct types of crystallites were seen in

those deposited at 450 1C. The films deposited at 400 1C consist

of clusters of nanocrystalline flakes whilst the images of those

deposited at 450 1C show larger semispherical crystallites thinly

scattered in a background of irregularly shaped nanocrystallites.

EDX analysis showed the chemical composition as Cu : Sn : Se

2.1 : 1.0 : 2.9 for thin films deposited at 400 1C and Cu : Sn : Se

1.9 : 1.0 : 2.6 for the films deposited at 450 1C. These results

clearly show that the films deposited at 400 1C are of better

quality being uniform in morphology and having better stoichio-

metry. The Raman spectrum of the thin films deposited at 400 1C

is given in Fig. 2b which shows a strong peak atB180.6 cm�1with

a minor peak at 232 cm�1. These peaks correspond with the

reported values (179.9 and 231.6 cm�1) for A1 and A2 symmetry

modes of Cu2SnSe3.
15 The absence of peaks at 150 and 260 cm�1

for CuSe and SnSe shows the deposition of pure Cu2SnSe3. Fig. 2c

shows the band gap of the films deposited at 400 1C as B1.5 eV.

This value is in agreement with that reported previously for

Cu2SnSe3.
23–25

The deposited material was scratched from the films deposited

at 400 1C and was further investigated by using transmission

Fig. 1 (a) p-XRD pattern of SnSe thin film deposited from [Sn(Ph2PSe2)2]

precursor at 400 1C. Vertical lines below show standard ICDD pattern

00-048-1224 for orthorhombic SnSe (b) and (c) SEM images of as deposited

thin film at 400 1C.

Fig. 2 (a) p-XRD pattern of Cu2SnSe3 thin film deposited from [Sn(Ph2PSe2)2]

and [Cu(acac)2] precursors at 400 and 450 1C indexed with standard ICDD

pattern 03-065-4145 for cubic Cu2SnSe3 (b) Raman spectrum and (c) band

gap plot for Cu2SnSe3 thin film deposited at 400 1C.

Fig. 3 SEM images of Cu2SnSe3 thin films deposited at (a) 400 1C and

(b) 450 1C. (c) TEM image (d) SAED pattern and (e) EDX elemental of a single

Cu2SnSe3 particle.
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electron microscopy (TEM). TEM image (Fig. 3c) show similar

flake like crystals as observed in SEM. Selected area electron

diffraction (SAED) pattern showed distinct rings suggesting the

polycrystalline nature of the material (Fig. 3d). Elemental

mapping of a single particle as shown in Fig. 3e exhibited even

distribution of Cu, Sn and Se in the crystal.

A new complex, [Sn(Ph2PSe2)2] has been synthesised and

used as single source precursor in combination with [Cu(acac)2]

for the deposition of monophasic tin selenide (SnSe) and

copper tin selenide (Cu2SnSe3) thin films onto glass substrates

by AACVD at 400 1C and 450 1C. This is the first deposition of

thin films of this material by AACVD which has potential

applications in photovoltaics and optoelectronics.

We thank EPSRC for funding the instruments under grant

number (EP/K039547/1) for characterization of compounds. PK

thanks The School of Chemistry, The University of Manchester

for funding.
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Supplementary Material 
 

 

The aerosol assisted chemical vapour deposition of SnSe and Cu2SnSe3 thin films by 

molecular precursor approach 

Punarja Kevin,  Sajid N. Malik, Mohammad  A. Malik, and Paul O’Brien* 

 

 

Experimental 
Chemicals and instruments 
Diphenylphosphine, Se powder ~ 100 mesh, zinc (II) chloride, copper (II) chloride, 
copper (I) chloride, tin (II) chloride, toluene and dichloromethane were purchased from 
Sigma-Aldrich and used as received. Ethanol and methanol used as solvents in the 
reactions were also used without further purification. All synthetic manipulations were 
carried out under nitrogen using standard Schlenk line techniques. 1H NMR spectra were 
recorded on Bruker AC400 FT-NMR spectrometer and a Kratos Concept 1S instrument 
was used to record mass spectra. FTIR spectra were recorded on Perkin Elmer FTIR 
instrument. Elemental analyses were performed by the University of Manchester 
microanalysis facility. Melting points were recorded using a Stuart melting point 
apparatus and are uncorrected 

Deposition of thin films 
Glass slides (1 x 3 cm) were used as substrates for the deposition of thin films. Substrates 
were thorough cleaned and sonicated in acetone for 30 minutes to remove any possible 
contamination. Deposition of thin films was carried out by using a home built AACVD 
kit.26  In a typical deposition experiment, precursor complex (or a suitable combination  
of precursors) was dissolved in 15 mL THF taken in a two-necked 100 mL round-bottom 
flask. The flask was then connected with an argon gas inlet which passed through the 
solution and carried the aerosols generated by a PIFCO ultrasonic humidifier to the 
reactor tube connected to other neck of the flask and placed in a Carbolite furnace. Argon 
flow rate was controlled at 180 Sccm through a Platon flow gauge. Carrier gas  
transferred aerosols generated in the flask to the hot zone of the reactor. Thermolysis of 
both the solvent and the precursor at the hot substrate surface due to thermally induced 
reactions lead to deposition onto substrates. p-XRD patterns were recorded on a Bruker 
D8 AXE diffractometer (Cu-Kα) from 20 to 80 degrees with a step size of 0.0η. Raman 
spectra were recorded on Horiba T64000 triple 0.64m Raman spectrometer system. Uv- 
Vis-NIR absorption spectra were recorded using Perkin Elmer λ-1050 
spectrophotometer. Morphology and microstructure of thin films were investigated by 
using a Philips XL 30 FEGSEM and film composition was studied by EDX analysis 
using a DX4 instrument. TEM images were recorded on a Tecnai F30 microscope 
operated at an accelerating voltage of 300 kV. 



 
 

Figure S1. Thermal decomposition (TGA) for the decomposition of [Sn (PhPSe2)2] 

 

 
 

Figure S2. Band gap of SnSe thin films deposited at 400 ᵒC. . 
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Abstract: The influences of deposition temperature and the stoichiometric ratios of the 

precursors on the composition of CZTS thin film deposited by Aerosol Assisted Chemical 

Vapour Deposition (AACVD) have been investigated.  The tin content of the films and its 

effect on band gaps was studied. The valence states and binding energies of the film’s 

constituent elements were investigated by high resolution X-ray photo electron spectroscopy 

(XPS). Electrical resistance of the selected films showed above room temperature hysteresis 

in conductivity. 
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Introduction 

Copper zinc tin sulfide (CZTS) is one of the newer absorber materials for solar cells and is 

made from relatively nontoxic, low cost and earth abundant elements. Solar cells based on 

kesterite CZTS thin films have shown a maximum efficiencies of up to 11.1 % under 

laboratory conditions
1
 (theoretical efficiency 32.2%) making this material benign material a  



potentially a leading candidate for thin films solar cells.
1-3

 CZTS has good properties for PV 

with a high absorption coefficient ˃104
 and a direct band gap of ~ 1.45 eV.

4-13
  Many 

techniques including spray pyrolysis,
14

 sputtering,
15

 hybrid sputtering,
16

 sulfurization,
17

  

photo chemical deposition,
18

  pulsed laser deposition,
19,20

 sol-gel sulferisation,
19

 thermal 

evaporation,
21

 co evaporation,
21

  sol-gel spin coating
22

  and spray pyrolysis 
23

 have been used 

to deposit CZTS thin films. We have previously reported the deposition of CZTS thin films 

with good morphology and a composition close to 2:1:1:4 by Aerosol Assisted Chemical 

Vapour Deposition (AACVD).
 24

 This method has the potential to produce good quality large 

area semiconductor thin films. The technique also offers the possibility of good control over 

the stoichiometry, morphology and crystallinity. The advantages of such methods was 

reported and reviewed in detail.
24-28

 

CZTS can be formed in two phases: kesterite (KS) (space group I_4)
25

 and stannite (ST) 

(space group I_42 m) and the binding energy difference between these phases is calculated as 

3-4 meV.
25

 KS is more stable than ST as the KS structure possesses lower strain
29

 and 

Madelung energy
29

  and CZTS usually crystallizes in the KS structure, but may contain a 

very high concentration of intrinsic defects related to non-stoichiometry in the cation 

sublattice.
30

 The  growth method and grain boundaries of kesterite materials were explored 

recently.
31

 

Many researchers discussed the marked dependence of the properties of CZTS on 

stoichiometry.
32 

The [Cu]/[Zn]+[Cu] and [Zn]/[Sn] ratios in a film strongly influences the: 

morphology, phase purity and optical properties.
33 

The  deposition of CZTS thin films with 

controlled stoichiometric composition, structure and morphology is still a challenge. The 

efficiencies reported for the pure sulfide CZTS solar cells are  6.8% by thermal co-

evaporation of elemental sources
34

 or co-sputtering method.
35,36

 Using a vacuum process, 



Shin et al. used Cu-poor and Zn-rich CZTS to fabricated a solar cell with an efficiency of 

8.4% similar in other reports.
1,33,37,38  

Inks of CZTS/CZTSe nanoparticles have been used for 

the large-scale printing of solar cells on glass or polymer substrates with reported efficiencies 

up to 13%.
39

 Solution processes often rely on  environmentally harmful metal-hydrazine 

complexes which are rather  difficult to handle.
1,38-41

  Long-chained alkyl stabilizers were 

found to be efficient in controlling the size and shape of CZTS/CZTSe nanoparticles which  

were later proved to reduce the efficiencies of solar cells due to carbon contamination which 

was hard to remove.
24,42

 In 2012 Moholkar and co- workers
43 

reported CZTS thin film solar 

cells with an improved PCE of 4.13 %  (with  VOC = 700 mV, JSC = 10.1 mA cm
-2

 and FF = 

0.59). The improvement in efficiency was achieved by varying the chemical composition 

ratio, a = [Cu]/[Zn]+[Cu] of the target material from 0.8 to 1.2 in step of 0.1 by keeping 

Zn/Sn constant. Pure kesterite CZTS with direct band gap energy of the CZTS thin films 

were found to be decreasing from 1.72–1.53 eV with increase of [Cu]/ [Zn ]+[Cu] 

 

Dye sensitised solar cells (DSSCs), with nanoporous TiO2 as the photoanode, showed 

conversion efficiency of 12 % potentially a cost effective alternatives to more conventional 

CZTS solar cells.
44

 Zhan et al. reported a double junction solar cells (pn-DSSCs) fabricated 

by the dye-sensitized n-type TiO2 (DS-TiO2) as the photo anode and porous CZTS film as the 

photocathode with an efficiency of 1.23 %.  The external quantum efficiencies (EQEs) of the 

solar cells prove that the porous CZTS acts as a light absorber as well as a CE.
45

 However, 

there is no substantial development in p-type CEs.  Narrow band gap p-type semiconductors 

composed of earth abundant elements such as CZTS has recently opened route to hybrid 

DSSC’s.  Very recently, the dye sensitised solar cells with the CZTS counter electrode (CE) 

layer deposited by slurry sulfurisation process showed a comparable photovoltaic conversion 

efficiency (3.141%) to that with a Pt CE (2.761%).  This showed that the CZTS films have 



the potential for developing a low cost and highly efficient CE.
46

 Aydil et al. demonstrated 

the factors that control the excess Sn composition in CZTS films prepared using Sn rich 

precursors by ex. Situ sulfidisation (by sulfadization the excess Sn was evaporated as SnS) 

process by varying temperatures and consolidated results using triangular phase diagrams.
47

 

Herein we report the deposition of CZTS using a combination of copper (II), zinc(II) and 

tin(IV) complexes in different ratios to study the composition and morphology of the 

deposited material. We observe stoichiometry focussing in contrast to the results of physical 

deposition.  

Experimental 

Sodium diethyldithiocarbamate dihydrate, zinc chloride, dibutyltin dichloride, methanol, 

chloroform and tetrahydrofuran were purchased from Sigma Aldrich and used without further 

purification. The glass microscopic slides were obtained from Delta technologies Ltd.  

Synthesis of precursors 

The synthesis of the complexes [Cu(S2CNEt2)2] (1), [Zn(S2CNEt2)2] (2) and 

[Sn(Bu)2(S2CNEt2)2] (3) was carried out in accordance with the previously reported 

procedures.
24

 In a typical reaction, sodium diethyldithiocarbamate was reacted with the 

corresponding metal salt in a 2:1molar ratio in methanol at room temperature. The precipitate 

thus obtained was filtered, washed with 100 mL of hot methanol, dried in vacuum and 

recrystallized from chloroform. The complexes were characterised by elemental analysis, IR, 

NMR, mass spectra and melting point measurements. 

Deposition of thin films  

In a typical deposition experiment, a precursor mixture of [Cu(S2CNEt2)2] (1) (1.55 mM), 

[Zn(S2CNEt2)2] (2) (0.77 mM) and [Sn(Bu)2(S2CNEt2)2] (3) (0.77 mM) (molar ratio of 2:1:1) 



was dissolved in 15 mL THF. This solution was then loaded in to a two necked 100 mL flask 

connected with an argon gas inlet. Flow rate of argon was controlled using a Platon flow 

gauge. 14-15 borosilicate glass substrates of 1 cm
2
 were placed horizontally inside the reactor 

as previously described.
14 

Argon flow rate was maintained at 160-180 sccm for 45 min. 

Deposition experiments were carried out at 350 °C, 380 °C, 400 °C and 450 °C.  To study the 

effect of concentration at a particular temperature, ratio of molar concentration of two 

precursors either (1) and (2) or (2) and (3) or (1) and (3) was kept constant with an 

appropriate molar ratio and the other precursor concentration was varied to control the 

stoichiometry. 

Methods 

The p-XRD patterns were recorded on a Bruker D8 AXE diffractometer using Cu-Kα 

radiations. The samples were mounted flat and scanned between 10 and 120° in a step size of 

0.02 with a varying count rate depending upon the sample quality. Rietveld refinements 

were carried out in Topaz p-XRD software. The morphology and microstructure of thin 

films were investigated by using a Philips XL 30 FEGSEM and film composition was studied 

by EDX analysis using a DX4 instrument at 20 KV with WD 10 mm. Raman spectra 

measurements taken using a Renishaw 1000 Micro Raman system with an excitation 

wavelength of 520 nm, the measurement range set from 100 to 700 cm
-1

. UV-VIS 

measurement carried with a Perkin Elmer Lambda 1050 spectrophotometer (PSI) and 

scanned across the range from 250–1000 nm.  Electrical resistance measured were 

carried out using a Jandel four probe conductivity meters at room temperature using 1 

A current. XPS analysis was carried out by using a Kratos Axis Ultra in the School of 

Materials in The University of Manchester.  

 

http://www.kratos.com/


 

Results and discussion 

The combination of precursor mixture was selected based on the TGA analysis.
24

 The 

precursors [Cu(S2CNEt2)2], [Zn(S2CNEt2)2] and [Sn(Bu)2(S2CNEt2)2] gave DTG peaks at 284 

°C, 303 °C and 300 °C respectively and gave the metal chalcogenide residues. The strategy 

for the deposition experiments was to optimise the deposition temperature first at a fixed 

molar ratio of precursors and then vary the molar ratio of precursors at the optimised 

temperature. Deposition experiments were carried out between 350 and 450 °C using the 

2:1:1 molar ratio of precursors. Precursor ratios were subsequently varied systematically to 

obtain the optimum precursor concentrations and ratios. The deposited films were then 

characterised by p-XRD, SEM, EDX, Raman and UV/Vis spectroscopy and electrical 

resistance measurements.  Finally a photovoltaic cell was fabricated by depositing CZTS 

layer on top of ITO-coated glass substrate with a thin layer of TiO2 under the optimized 

AACVD conditions.  

Effect of temperature 

 Initial CZTS depositions were carried out using a 2:1:1 ratio of Cu, Zn and Sn precursors 

respectively at 350, 380, 400 and 450 °C (Table S1 in supporting information) SEM images 

shows that films deposited at 350 °C, were polycrystalline with uniform morphology.  The 

supporting information Table S1 shows that the films were Sn rich and Zn deficient at 350 

and 380 °C. On increasing the deposition temperature the percentage of Sn decreased and that 

of Zn increased gradually and being close to stoichiometric percentage of CZTS at 400 °C. 

These films were still slightly Zn rich which may have an advantageous effect on solar cell 

efficiencies.
33 



The  p-XRD patterns of the deposited films at all these temperatures are shown in Figure 1(a) 

show major peaks at 2 (112) and other peaks at 2  for : (200), (211), (220) and (312) which 

correspond to kesterite (ICDD: 26-0575) of CZTS. The SEM images showed two different 

morphologies as shown in Figure (1a) but EDX point scan on each type of morphology gave 

no considerable differences in atomic percentage but showed minor difference in copper and 

Sn compositions ~0.1 to 0 (Supporting information Table S1).  

 

Figure 1: (a) p-XRD patterns are indexed to kesterite (ICDD: 26-0575) of CZTS and SEM images b 

to (e) are for the CZTS thin films deposited at 350, 380, 400 and 450 °C respectively, at [Zn] = 

0.77mM. 

Effect of molar molar ratio of precurosrs on the stoichiometry of CZTS thin films  

The effect of varying the [Zn]/[Cu] ratio on the composition of CZTS thin films grown at 400 

°C was investigated by using different [Cu] concentrations whilst keeping that of  [Zn] 

constant, these results are summarised in Figure S1 (supporting information Table 

S2).concentration of [Zn] = [Sn] = 0.77 mM were kept constant whilst the [Cu]/[Zn] ratio 

was varied from 1.88 to 2.20 as shown in Figure S1.   



The effect of increasing the ratio of [Cu]/[Zn] was most obvious in change observed in the 

composition of tin and sulfur in the deposited films. On increasing the [Cu]/[Zn] ratio from 

1.88  to  2.20 the percentage of sulfur throughout increases from 45.04% to 47.95 % until 

[Cu]/[Zn] ratio of 1.90 then starts dropping to ca .41.49 % at the [Cu]/[Zn] ratio of 2.20. Tin 

composition initially decreases from 15.67 % to 12.04 % and then increases to 19.59 % at a 

[Cu]/[Zn] ratio of ~ 2.20.  The stoichiometries of Cu and Zn change only slightly across the 

range and that of copper stayed between 27.83 %-29. 31 %.; similarly Zn remained around an 

average of 12.00%.  From these results it is clear that the best stoichiometric composition of 

CZTS obtained at [Zn]/[Cu]  ~ 1.00:1.91.  

The p-XRD patterns of all the films deposited at 400 °C with differing [Cu]/[Zn] ratio are of 

kesterite CZTS (ICDD: 26-0575).  The intensity of peaks varied with the size of crystallites 

size (Figure 3(a)).  There are clear differences in the p-XRD patterns of the films deposited 

with the higher [Cu]/[Zn] of  ~2.20 which showed a broad peak at 2 value of 44 deg 

(labelled (*) in supporting information Figure S2(a). This peak with a comparatively low 

intensity was present in all patterns except the films deposited at [Cu]/[Zn] of ~1.91. The 

SEM images of the films deposited at this precursor ratio (~1.91) showed uniform 

morphology with irregularly shaped crystallite of 500-600 nm size supporting information 

Figure S2(b)whereas those deposited at lower or higher ratios were showing a morphology 

based on hexagonally shaped large crystallites (4-5 µm) on a background of irregularly 

shaped nanocrystallites (500-600 nm size).  

The Band gaps of all the films were measured by absorbance spectroscopy and the results 

plotted as (hѵ)2
 vs hѵ (where  = absorption coefficient, h = Planks constant, ѵ = frequency 

which is equal to c/ where c = velocity of light and  = wavelength of light) are given in 

supporting information Figure S3(a). The thickness of the films was found to be 1 m. The 



band gap of the films significantly changed with the change in Sn composition. As the Sn 

stoichiometric percentage increases the band gap increases; which is consistent with the 

previous reports.
48,49

 The band gap of the films with lowest Sn composition (12 %) was 

observed as 1.5 eV whereas those with highest Sn composition (18 %) had a band gap of 2.7 

eV. The Raman spectra of all the films showed main CZTS peaks at shifts of 338 and 287 

and 351 cm
-1

 except the films with highest Sn composition which showed an additional 

Raman peak at  220 cm
-1

 corresponding to SnS
50-54 

(supporting information Figure S3). 

The experiments at 400 °C were repeated using different [Cu]/[Zn] from 1.88 to 2.2 and 

different [Sn]/[Zn] from 0.90 to 1.30 whilst keeping the other composition constant.  The 

results obtained for the compositions of S, Sn, Zn and Cu are shown in supporting 

information Table S2. On increasing the [Cu]/[Zn] from 1.88  to  2.20 the percentage of 

sulfur throughout increases until a [Cu]/[Zn] of 1.90 and then starts dropping at the [Cu]/[Zn] 

of 2.20 at 400°C . The tin composition initially decreased and then increases with varying 

[Sn]/[Zn] from 0.90 to 1.30 to ca 20 % at a [Cu]/[Zn] of ~ 2.20.  The stoichiometries of Cu 

and Zn change only slightly across the range of [Sn]/[Zn] from 0.90 to 1.30 and that of 

copper stayed between 27.83%-29. 31%.; similarly Zn remained around an average of 

12.00%.  It can be seen that, the stoihiometric atomic percentage of Sn on the films increases 

from 11.01% (0.79) to 20.83% (2.10) as the [Sn]/[Zn] precursor ratio increased from 0.90 to 

1.30. On the other hand, stoichiometric percentage composition of S on the films first 

increased from 49.96% (3.37) to 47.40% (4.11) when [Sn]/[Zn] ratio increased from 0.90 to 

1.10 then it fall to 42.82% (3.47) at [Sn]/[Zn] reached ~1.30. Stoichiometric percentage 

composition of Cu on films also show same trend as S composition change in contrary to that 

Zn composition decreased till [Sn]/[Zn] ratio  from 0.90 to 1.20 and only at 1.30 it slightly 

went up to 12.33(1.00).The SEM images, Raman and UV-Vis spectra  images are shown in 

supporting information Figure S4. 



 

 

 

Figure 2: Difference plot showing the relation between mole fraction of metal in films vs the mole 

fraction difference of metal in film and feed. 

 

The stoichiometric composition of the films with [Sn]/[Zn] precursor ratio. This observation 

confirmed that the best composition of thin films is obtained at [Cu]/[Zn] ratio of ~ 1:1.91. 

EDX results for composition of thin films are consolidated in Figure 2. A standard ‘three 

component phase diagram is used to correlate the molar concentration of precursor and the 

stoichiometric composition of films Figure 3. The triangular phase diagram shows that the 

films deposited are concentrated in around the stoichiomentric region for CZTS. Moreover 

the difference plot or delta plots (Figure 2) show more consistent straight lines of metal 

concentration in precursor and that in CZTS. Both these graphical analysis showing good 

control over stoichiometry can be achieved and systematised for reproducible AACVD 

deposition. 



 

 

Figure 3: Compositional analysis in a ‘triangular phase diagram’ correlating the molar concentration 

of precursors and  the stoichiometry of CZTS Thin films deposited at 400 °C, 45 min. Black squares 

and line shows the molar composition of precursors and the red crosses represent the stoichiometric 

composition of films.  

Supporting information Table S2 and Figure S5 show the EDX results obtained for the 

composition of  films deposited at 400 °C and at molar ratios of  [Cu]/[Zn]/[Sn] at ~1.91:1:1; 

the composition of films remained almost the same as expected for CZTS (Supporting 

information Figure S2). 

The p-XRD patterns of all these films, at these precursor ratios, matched with kesterite CZTS 

and showed no other phases Figure 4. SEM images showed uniform morphology for all the 

films with an average crystallite size of 500 nm (Figure 4). The thickness of the films, at [Zn] 

= 0.77mM, was found to between 1- 2 µm (Figure 4). Band gaps for all these films were 

found to be between 1.4-1.5 eV (Figure 5) consistent with those reported previously.
53-55

 



Phase purity of the films was also confirmed by Raman spectra which showed peaks at 287, 

338
 
and 351 cm

-1 
corresponding to

 
CZTS (Figure 5).

55 

 

Figure 4:  (a) p-XRD patterns  for  CZTS films deposited at 400°C, 45min at Cu: Zn ratio 1:1.91 at 

different Zn ratio, labeled from Zn(1)–Zn(5), Peaks are matched with kesterite CZTS (ICDD: 26-

0575), (b)-(f) are SEM images labeled of CZTS films deposited under the same condition and (g) 

shows thickness of film deposited at 400 °C  when [Zn] = 0.77mM.  

 

Figure 5:   (a) UV-Vis spectrum of  CZTS films deposited at 400°C temperature, 45min 

individually at Cu: Zn ratio 1:1.91 labeled from  (K1)-(K5) with increase in Zn precursor 



concentration and (b) Raman spectra labled from (L1)-(L5) of CZTS films deposited at the same 

condition. 

 

XPS Spectra of CZTS thin films deposited at optimum conditions  

The valence states of the elements in the   CZTS thin films deposited under the  optimal 

conditions  ( [Zn] = 0.77 mM)  at 400 °C with precrusror ratio [Cu]/[Zn]/[Sn] equivalent to 

1:1:1.91were examined using XPS (Figure 6).  

 

Figure 6: High resolution XPS analysis for  CZTS thin films deposited at 400 °C, 45 min  at 45 min  

of [Cu]/[Zn]/[Sn] precursor ratio   1:1:1.91 ( at [Zn] = 0.77 mM). 

 

The valence state of Cu and Sn aren Cu(I) and Sn
 
(IV). Sulfur is as ntsulfide (S

2-
) and the 

zinc is divalent . High resolution XPS had been used  for calculating binding energies 



(BE).  The corresponding BE’s  for  Zn 2p 3/2, Cu 2p 3/2, Cu 2p ½, Sn 3d 5/2, Sn 3d 3/2, S 2p 

3/2 and S 2p ½  are located at 1017 eV, 929 eV, 949 eV, 483eV, 494 eV,  158eV and 160 

eV  respectively.
56-58

 

Elemental maps of CZTS thin films deposited under optimum conditions 

Selected area elemental maps of CZTS thin films deposited at 400 °C  for 45 min  from a 

Cu/Zn/Sn  ratio 1:1:1.91 of precursor mixture ( at [Zn]=  0.77 mM) are shown in Figure 7.  

The images showed uniform distribution of constituent elements throughout the selected 

area of the film.  

 

Figure 7: Elemental maps of CZTS thin films deposited at 400 °C, 45 min  of [Cu]/[Zn]/[Sn] 

precursor ratio   1:1:1.91 ( at [Zn] = 0.77 mM). SE is the scattered image of the film.  

Electrical properties of optimised CZTS films 

The room temperature electrical sheet resistance measured for films  1m thick deposited 

using the optimal conditions (400 °C, 45 min Ar flow 180 sccm) The films are 



semiconducting with sheet resistance 1.10, 1.25, 1.3, 1.3 and 1.4 KΩ/cm2
 respectively for 

zinc feed concentrations of 0.75, 0.77. 0.78, 0.79 and 0.81 mM. These results compare well to 

others e.g  at 400 °C by AACVD.
24 

Yu et al. reported that layer by layer CZTS films 

deposited by by sol-gel method without sulfurization (thickness 0.9 and 1.2 m) gave sheet 

resistance of 5.25 x 10
3
 KΩ/ cm2

  and 4.08 KΩ/ cm2
 respectively.

58 
Mkawi et al. reported that 

the films deposited by an electrochemical method exhibited a p-type conductivity and the 

measured resistance decreased from 9.82×10
3
 to 9.67×10

2
 Ω /cm

2
 (9.82 to 0.967 KΩ/ cm2 

) 

with increasing Cu content in the films
59 

which agrees well with the reports indicating that 

main Cu-rich and Sn-rich powders have the lowest grain resistance.
60

 

The temperature dependence of electrical transport properties gives useful insight into the 

nature of the microscopic material properties which control carrier scattering, confinement 

and localisation. In this work electrical conduction was measured over the temperature range 

40K-400K.  The data shown in Figure 8 was obtained for sample deposited  at 400 °C  for 45 

min  from a Cu/Zn/Sn  ratio 1:1:1.91 of precursor mixture ( at [Zn]=  0.77 mM) and is 

representative of the AACVD structurers described here. 

Kesterite materials grown by a variety of methods tend to show complex transport 

behaviour
61,62

 in which hopping or thermalisation over internal barriers controls carrier 

movement.  A generalised form of transport equation which invokes three dominant hopping 

or thermalisation regimes has been shown to describe transport in Kesterite materials (61, 62) 

and is also true for the data shown in Fig (X). Three distinct thermalisation modes were used 

to fit our data, each mode dominating transport in particular temperature regions. At low 

temperatures (<60K) Mott variable range hopping dominates but nearest neighbour hopping 

limits transport between at intermediate temperatures (60K-185K). For higher temperatures 

(185K - 400K), thermionic emission over grain boundary potential barriers dominates σ. 



 

Figure 8: Temperature dependent conductance.  Main plot shows conductance against 1/T and 

compares data with a fit to a model which included three hopping type mechanisms.  The inset shows 

the hysteresis in R for the T. 

Each mechanism yields a distinct exponent in an expression for overall conductivity and any 

temperature T: 

 

 

where, σ1, σ2 and σ3 represent respectively the T → ∞ conductivity limit for Mott variable 

range hopping, nearest neighbour hopping and thermionic emission over grain boundaries.   

The energy term associated with T0 in the Mott variable range hopping conductivity 

expression is given by (Mott N F and Davis E A 1971 Electronic Processes in Non-

Crystalline Materials (Oxford: Clarendon):  
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where ζ is the particle localisation length at the hopping site and n0 is the electron density at 

the Fermi energy. The energy exponent terms for the two other thermal processes are, 

straightforwardly average values for the nearest neighbour hopping energy (Enn) and the grain 

boundary barrier energy (Egb). We determine from the fitting exercise that following values 

for the energy terms which characterise the complex hopping transport behaviour of our 

material: 

Hopping mechanism  T range in which dominant Extracted activation 

energy 

Mott-variable range hoping  T <60K 5 meV (T0/T ≈900 at 50K) 

Nearest neighbour hopping 60<T<185K 37 meV 

Grain boundary hopping T>185K 19 meV 

 

We note however that, near to and above room temperature, i.e. for carrier transport 

dominated by grain boundary effects, we obtained clear evidence of hysteresis in slowly 

scanned current-voltage measurement used to obtain conductance data.  This is shown in the 

form of a resistance plot in the inset to Fig (X). The intuitive explanation for such behaviour 

is that some net charge trapping occurs during the non-equilibrium current flow process. Such 

charge accumulation for materials with a dominant (majority) carrier type, holes in our p 

material, will naturally add to the repulsive charge and hence barrier height at grain 

boundaries.  Each hole trapping event at a grain boundary, for example, will add a repulsive 

term for subsequent incoming holes.  The observation of hysteresis suggests that the hopping 

MVRHE
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energy at grain boundaries is likely to be depend critically on doping level and temperature 

and grain boundaries may show dynamically varying properties in these low conductivity 

materials. 

Figure 9: (a) The SEM cross sectional image of the device (b) model diagram of the device, (c) is the 

an idealised equivalent circuit for the solar cell used for the measurement of cell properties and (d) J-

V curve for obtained for the device. 

We have confirmed the suitability of the method for fabrication a PV-cell by depositing 

CZTS (1:1:1.91 molar ratio of precursors at 400 °C, 45 min and 180 sccm Ar flow) onto a 

preformed backplane consisting of  glass/ITO substrate with a thin layer of TiO2 layer (n-

type). The corss sectional image and a model diagram shown in  Figure 9 (a) and 9 (b). The  

instrument set up for the measurement of cell properties are as shown in fFgure 9 (c). Figure 

9 (d) shows the J-V curve for the fabricated p-n junction. The cell showed good 

photoresponse in light condition than in dark. The cell properties of the solar cell; open 



circuit volatage 428 mV, short circuit current denisty 12.5 mA/cm
2
, fill factor  of 0.72  and 

the conversion efficiency was 2.39%, which is  solar cells fabricated by this method is very 

close to the efficiency of dye sensitised solar cells with the CZTS counter-electrode (CE) (Eff 

= 3.141%) but very close to that with a Pt CE (Eff = 2.761%).
47

 The efficiency of the cells 

showed good improvement compared to the double junction solar cell was also constructed 

with dye-sensitized porous TiO2 films as the photoanode and porous CZTS films as the 

photocathode (1.15% to 1.23%).
45

 

Conclusion 

We have used a relatively simple precursor system to demonstrate stoichiomentric control in 

CZTS. The results are compared to recent ‘combinatorial’ approaches to such materials.22,41,43
 

Close to optimal deposition temperature was seen at 400 °C. This temeperature for controlled 

deposition by CVD can be contrasted with the 600 °C for  8 h needed to sulfide metal alloy 

films. At the later elevated temperatures evaporation of sulfides, especially from copper 

precursor one is more volatile, from the film can be an important or limiting factor 

controlling stoichiometry and dependent properties. We have recently demonstrated the 

successful use of MOCVD for a range of materials in the k 

esterite family.
24

. This study demonstrates the potential of this method in the parent system, 

with a greater empahsis on the details of stoichiometry and properties.  It also serves to 

demonstrate that our relatively simple techniques can lead to films with tolerable electrical 

and optical properties. A simple demonstration cell has been prepared we intend to contine 

this work by developing further the family of precursors and materials of improved 

functionality. 

The mole ratio of [Cu]/[Zn] precursors and deposition temperature both play a crucial roles in 

determining the stoichiometry, band gap and morphology of deposited films. All the 



deposited films have been characterised by p-XRD, SEM, EDX, Raman, XPS and UV/Vis 

spectroscopy.  The electrical measuements display hysteresis in the conductivity especially 

near and above room temperature. These films are stable with suitable band gap and 

conductivity hence is a best candidate for fabrication of solar cells and devices. Under one 

sun (100 mWcm
-2

) illumination, the dye sensitised sandwich type solar cells comprised of a 

sensitised TiO2 photoanode as the working electrode, as prepared CZTS/FTO thin films or 

Pt/FTO as a CE showed a comparable photovoltaic conversion efficiency (Eff = 3.141 %) to 

that with a Pt CE (Eff = 2.761%). It indicates that the as prepared CZTS films had potential 

for developing low cost and high efficient CE. The efficiency of the device made by the 

deposition of a thin layer of CZTS 2.39 % suggests the promise of the system. It that the as 

prepared CZTS films have potential especially for an environment-friendly and earth-

abundant elemental composition and a narrow band gap. 
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Composition Focusing in the Deposition of Copper 
Zinc Tin Sulfide (CZTS) by AACVD 

Punarja Kevin,a  Bruce Hamilton,c Eric Whittaker,c Ian Hawkins,c Paul O’Brien, a,b* 

 

Table S1: EDX results of films deposited at temperatures 350, 380, 400 and 450 °C, precursor 
concentration 2:1:1 at [Zn]= 0.77 mM,  45 min. Stoichiometric composition of Zn set to unity 

Molar ratio 

of 

precursors 

(1):(2): (3) 

Deposition 

temp (°C) 

EDX Analysis 

(At. % of element/ At. % Zn) 

Zn Cu Sn S 

2: 1: 1 350 10.80 (1.00) 26.00 (2.40) 22.42 (2.10) 40.80  (3.80) 

2: 1: 1 380 10.30 (1.00) 27.50 (2.70) 
19.31  
(1.90) 

42.90  (4.22) 

2: 1: 1 400 14.20 (1.00) 26.00 (1.80) 
15.20  
(1.10) 

44.60  (3.14) 

2: 1: 1 450 22.80(1.00) 24.90 (1.10) 
10.71  
(1.10) 

41.80  (2.03) 

 

 

Figure S1: Molar ratio of [Cu]: [Zn] (precursors) vs stoichiometric ratio for films deposited at 400 °C 
for 45 min at precursor concentration of Zn = Sn = 0.77. Theoretical stoichiometric compositions of 
CZTS are shown as dotted line. 
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Table S2: Consolidated precursor composition and EDX results of CZTS films deposited using 
different molar ratios of precursors at 400 °C, 45 min. 

[Zn] [Sn] [Cu] Zn% Sn% Cu% S% 
5.15 5.15 9.68 10.89 15.91 27.08 46.41 
5.15 5.15 63.96 12.42 20.97 26.92 39.68 
5.15 5.15 9.80 10.77 17.71 29.00 42.50 
5.15 5.15 9.82 11.89 11.20 28.96 47.95 
5.15 5.15 9.83 12.98 13.81 26.26 46.95 
5.15 5.15 68.80 13.36 21.54 27.17 37.93 
5.15 5.15 9.85 11.87 23.04 27.02 38.07 
5.15 5.15 9.88 12.94 18.32 27.94 40.80 
5.15 5.15 9.98 9.09 22.90 25.62 42.93 
5.15 5.15 10.01 10.81 20.49 25.92 42.77 
5.15 5.15 10.11 14.99 14.15 28.34 42.53 
5.15 5.15 10.46 9.05 21.35 29.93 39.68 
5.33 5.33 10.00 11.44 15.67 27.83 45.04 
5.33 5.33 10.20 11.88 11.19 28.95 47.95 
5.330 5.330 10.16 11.76 11.28 27.99 47.85 
5.330 5.330 10.18 13.35 12.04 28.75 45.94 
5.33 5.33 10.47 11.04 15.63 29.31 44.02 
5.33 5.33 10.80 12.44 16.71 29.34 41.49 
5.33 5.33 11.80 11.25 19.59 28.35 40.79 
5.4 10.29 5.40 11.89 11.20 28.96 47.95 
5.5 10.83 5.50 12.25 13.92 26.32 47.52 
4.98 4.98 9.36 12.36 20.23 31.15 36.25 
4.98 4.98 9.45 12.53 19.04 27.48 40.94 
4.98 4.98 9.47 11.05 20.49 22.98 45.46 
4.98 4.98 9.49 12.25 13.92 26.32 47.52 
4.98 4.98 9.51 13.31 13.16 28.97 43.26 
4.98 4.98 9.80 13.88 15.50 28.52 44.08 
4.98 4.98 9.96 12.44 15.89 32.79 38.88 
4.98 4.98 10.10 12.44 16.72 29.35 41.49 
4.98 9.96 4.482 13.92 11.01 26.11 49.96 
4.98 9.96 4.98 12.25 13.92 26.32 47.52 
4.98 9.96 5.48 11.54 12.72 28.34 47.4 
4.98 9.96 5.98 11.42 15.51 25.11 44.96 
4.98 9.96 6.47 12.33 20.83 26.01 42.82 

 

 



Figure S2: (a) p-XRD patterns labelled from A to G. Peaks are indexed to kesterite CZTS (ICDD: 26-
0575) (b) to (h) SEM images for films with [Cu]:[Zn] ratio at [Zn] = [Sn] = 0.77 mM at 400 °C, 45 
min deposition. 

 

 

Figure S3: (a) band gap measurement  i- vii (b): Raman spectra numbered  as i - vii of films 
deposited with different [Cu]:[Zn] ratio [Zn] = [Sn] = 0.77mM, with decrease in [Cu]:[Zn] ratio at 400 
°C, 45 min deposition. 

 

 

 



 

Figure S4: (a)-(d) are SEM images of films deposited at 400 C at [Sn]:[Zn] ratios from 0.9 to 1.3 
where [Zn]:[Cu]  = 1.00 :1.91; (e) shows the band gap of films labeled S1, S3, S4 and  S5 for 
[Sn]:[Zn] ratios from 0.9 to 1.3   and (f) Raman spectra labeled as R1, R3, R4 and R5 of films at 
[Sn]:[Zn] ratios from 0.9 to 1.3 deposited at 400 °C at different [Sn]:[Zn] ratios where [Zn]:[Cu] is 
1.00 :1.91. (excluded [Zn]:[Sn] = 1.00, [Zn] = 0.77mM).   

 

 

Figure  S5: [Zn] precursor vs stoichiometric % for films deposited at 400 °C for 45 min at fixed  
molar ratio of [Cu]:[Zn]:[Sn] at 1.91:1:1. 
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a b s t r a c t

Phase pure Cu2ZnSnSe4 (CZTSe) and Cu2FeSnSe4 (CFTSe) thin films have been deposited onto glass

substrates by Aerosol Assisted Chemical Vapour Deposition (AACVD) using mixtures of (triphenylpho-

sphine)(tetraphenyldiselenoimidodiphosphinato)copper(I) [Cu(PPh3)[Ph2P(Se)N(Se)PPh2]], tris(2,4-pen-

tanedionato)iron(III) [Fe(acac)3], tin(IV) acetate [Sn(OAc)4] and bis(2,4-pentanedionato)zinc(II) [Zn

(acac)2]. Structure, morphology and optical properties of the deposited films were studied. The band

gaps of CZTSe and CFTSe films were found to be between 1.0 and 1.2 eV.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Kesterite type compounds such as Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4
(CZTSe), Cu2FeSnS4 (CFTS) and Cu2FeSnSe4 (CFTSe) are considered to

be amongst the better solar cell materials; they contain earth

abundant elements with high absorption coefficient and have good

stabilities [1–4]. CZTSe films have been prepared by various methods

including: co-evaporation [5], sputtering techniques [6] and seleni-

zation [7]. CFTS and CFTSe nano-sheets have been synthesised by

solvothermal [8] and hot injection methods [9]. Recently Cao et al.

reported the morphological evolution in CFTSe nanoparticles

obtained via a solvothermal method [10]. Meng et al. reported the

synthesis of CFTSe thin films by magnetron sputtering followed by an

annealing process [11].

There are no reports in the literature for the deposition of these

materials by Chemical Vapour Deposition (CVD) from molecular

precursors. CVD has the potential to deposit high quality semi-

conductor thin films [12]. We have reported the CVD of the parent

CZTS kesterite phase, CuInSe2, CuGaSe2 and CuIn0.7Ga0.3Se2 and

many binary and ternary materials [13]. We now report the

deposition of CZTSe and CFTSe by Aerosol Assisted (AA) CVD using

a novel combination of metal–organic precursors.

2. Experimental

Methanol, tetrahydrofuran (THF), Cu(NO3)2, iron(III) acetylaceto-

nate, zinc(II) acetylacetonate, tin(II) acetate and dichloromethane

were purchased from Sigma-Aldrich and used as received. Solvents

(ethanol and methanol) were used without any further purification

or drying. Synthetic work was carried out under inert atmosphere of

nitrogen using standard Schlenk line techniques. NMR spectra were

recorded on a Bruker AC400 FT-NMR spectrometer whereas the

APCI-MS spectra were recorded using a Kratos Concept 1S instru-

ment. Perkin-Elmer FTIR instrument was used to record FTIR spectra.

Elemental analyses and TGA were performed by the University of

Manchester microanalysis facility. Melting points were recorded

using a Stuart melting point apparatus and are uncorrected.

Synthesis of precursors: Synthesis of [Cu(PPh3){Ph2P(Se)NP(Se)Ph2}].

Complex [Cu(PPh3)[Ph2P(Se)NP(Se)Ph2]] was synthesised by using the

procedure reported byWoolins et al. [14]. A 150mLmethanol solution

of 1.2 g (2.6 mmol) K[Ph2P(Se)NP(Se)Ph2] was mixed with a solution

of Cu(PPh3)2NO3 (1.4 g, 2.1 mmol) in 100 mL methanol. The mixture

was stirred for 30 min and the precipitate thus formed was filtered off.

The filtrate on rotary evaporation gave a pinkish powder. The product

was recrystallised from CH2Cl2. Yield: 64% [Cu(PPh3){Ph2P(Se)NP(Se)

Ph2}]; m. p; 221–223 1C. Elemental Analysis: Calc. for C42H35CuNP3Se2:

C, 58.1; H, 4.1; N, 1.6; Cu, 7.32; P, 10.70% and Found; C, 57.87; H, 3.92;

N; 1.48 Cu, 7.27; P, 10.64%. 31P NMR (400 MHz, CDCl3, rel. to 85%

H3PO4): δ¼26.14 ppm with two P–Se satellites, J1P–Se¼576 Hz. FTIR:

3050 cm�1 (υC-H), 1165 cm�1 (υas-P2N), 1100, 755 cm�1 (υs-P2N),

690, 545 (υ-P–Se). Mass spec: m/z-869, 670, 460, 341. TGA showed

single step decomposition between 250 and 320 1C with residue

�15% which is closer to the expected CuSe (16%).
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Deposition of thin films: The deposition of CZTSe thin films by

AACVD was carried out by using a solution of [Cu(PPh3){Ph2P(Se)

NP(Se)Ph2}] (0.38 mmol), [Zn(acac)2] (0.19 mmol) and [Sn(OAc)4]

(0.19 mmol) in 20 mL THF. Depositions were carried out at 350 1C,

400 1C and 450 1C for 50 min under argon flow rate of 180 sccm.

The deposition of CFTSe was carried out by using a mixture of [Cu

(PPh3)[Ph2P(Se)NP(Se)Ph2]], (0.38 mmol), [Sn(OAc)4] (0.19 mmol)

and [Fe(acac)3] (0.19 mmol) in 20 mL THF at 300, 350 and 400 1C

for 50 min. Substrates used for the deposition of thin films were

glass slides (1�3 cm2) which were thoroughly cleaned by sonica-

tion in acetone for 30 min. A self-designed AACVD kit was used to

carry out deposition of thin films. Typical deposition experiment

involved dissolving a mixture of precursors in 20 mL THF. This

solution is then loaded in a two-necked 100 mL round-bottom

flask connected with an argon gas inlet on one side and reactor

tube containing substrates on the another side. Argon carrier gas

passing through the solution transported the aerosols generated

by ultrasonic humidifier to the reactor tube placed in a Carbolite

furnace at desired deposition temperature. A Platon flow gauge

was used to maintain argon flow rate at 180 sccm. Thermally

induced decomposition of both the solvent and the precursor at

the hot substrate surface resulted in deposition onto substrates.

Characterisation of Thin Films: The Bruker D8 AXE diffractometer

(Cu-Kα) was used to record p-XRD patterns. Thin films were

scanned from 201 to 801 with a step size of 0.05. Raman spectra

were recorded on Horiba T64000 triple 0.64m Raman spectrometer

system. UV–vis–NIR absorption spectra were recorded using a

Perkin-Elmer λ-1050 spectrophotometer. The morphology of the

thin films was studied by SEM imaging using a Philips XL 30

FEGSEM. EDX analyses were performed using a DX4 instrument.

TEM images were recorded using Philips CM200 FEG-TEM operated

at an accelerating voltage of 200 kV.

3. Results and discussion

AACVD at 350 1C using 2:1:1 molar ratio of [Cu(PPh3){Ph2P(Se)

NP(Se)Ph2}]:[Zn(acac)2]:[Sn(OAc)4] gave no deposition, whereas

uniform and well adhered dark brown films were deposited onto

glass substrates at 400 1C and 450 1C. Fig. 1(a) and (b) shows the p-

XRD pattern of CZTSe thin films deposited at 450 1C and 400 1C,

respectively. The p-XRD patterns matched with the standard

JCPDS: 52-0868 for tetragonal Cu2ZnSnSe4 with I-42m space

group. p-XRD patterns for films deposited at 450 1C show com-

paratively sharper peaks than those deposited at 400 1C. p-XRD

patterns show slight amorphous nature for the films deposited at

400 1C. No additional peaks for binary materials such as ZnSe, SnSe

or ternary material (Cu2SnSe3) were observed which suggests that

the films are phase pure.

The SEM images (Fig. 1(c) and (d)) show uniform morphology

based on randomly oriented plate-like crystallites with an average

size of ca 0.8 mm for the films deposited at 450 1C and ca 1 mm for

those deposited at 400 1C which were less flaky and found to be a

mixture of dark and white crystallites. The thickness of the films as

Fig. 1. (a, b) p-XRD pattern of CZTSe thin film deposited at 450 1C and 400 1C respectively, peaks are indexed with standard JCPDS 52-0868 for CZTSe (c) and (d) SEM images

of thin films deposited at 450 and 400 1C, respectively.
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measured by SEM was found to be ca 0.8 mm and 1.0 μm for the

films deposited at 400 and 450 1C respectively. Relative atomic

percentage of Cu, Zn, Sn and Se atoms as measured by EDX

analyses of the films deposited at 400 1C gave the values for Cu

(23.72%), Zn (11.77%), Sn (6.8%) and Se (57.74%) which suggested a

stoichiometric composition as Cu2.0Zn1.0Sn0.6Se4.9. The EDX ana-

lyses for films deposited at 450 1C were Cu (22.4%), Zn (14.4%), Sn

(10.7%) and Se (52.4%) which gives a stoichiometric composition of

Cu1.9Zn1.2Sn0.9Se4.3.

The Raman spectrum of the films (Fig. 1(e)) deposited at 400 1C

showed a strong peak at 167 cm�1 and weaker peaks at 200 cm�1

and 245 cm�1 whereas thin films deposited at 450 1C showed

stronger peak at 196 cm�1 and weaker peaks at 166.4 cm�1 and

245 cm�1. These peaks were closer to those reported previously

(167, 196, 244 cm�1) for Cu2ZnSnSe4 [15]. It has been reported that

the peak at 196 cm�1 is the characteristic A1 Raman mode for

CZTSe corresponding to the vibration of Se atoms surrounded by

motionless neighbouring atoms [15,16]. Raman spectra of CZTSe

for films deposited at 450 1C showed no sign of the binary phases.

The direct band gaps of the thin films as measured from Tauc plots

(Fig. 1(f)) deposited at 400 and 450 1C were found to be ca 1.12 eV

and 1.25 eV respectively which are slightly higher than those

Fig. 2. (a) SEM image (b) elemental map (c, e) TEM bright, dark and SAED pattern of CZTSe deposited at 450 1C (e) Raman spectra and (f) band gap of CZTSe films deposited

at 400 and 450 1C.

Fig. 3. (a, b) p-XRD patterns for films deposited at 350 and 400 1C respectively. Peaks are indexed with the standard JCPDS: 27-0167 for Stannite CFTSe. (c, d) and (e, f) SEM

images of thin films deposited at 350 and 400 1C, respectively.
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reported for CZTSe materials (1.06 eV) [15,16]. Tauc plots for band

gap measurement were obtained by plotting (ahυ)2 vs hυ

(a¼absorption coefficient, h¼Plank's constant, υ¼c/λ where

c¼velocity of light and λ¼wavelength). The graph is then extra-

polated to the Energy axis giving the band gap (Eg). Thin film

deposited at 400 1C showed a lower band gap than the one at

450 1C because of the Se rich and Sn deficient stoichiometry as

shown by the EDX analyses.

EDX elemental mapping of films obtained at 450 1C for Cu2ZnSnSe4
showed uniform composition throughout the selected area of the

films (Fig. 2(b)). The bright field and dark field transmission electron

microscopy images (TEM) of the material scratched from the films

deposited at 450 1C showed clusters comprising of nanoparticles in

dark and bright field (Fig. 2(c) and (d)). Selected area electron

diffraction (SAED) pattern of these films given in Fig. 2(e) showed

distinct rings corresponding to major lattice planes (112, 204, 312, 400

and 316) of CZTSe.

The deposition of CFTSe was carried out by using a mixture

containing 2:1:1 molar ratio of [Cu(PPh3){Ph2P(Se)NP(Se)Ph2}]:[Sn

(OAc)4]:[Fe(acac)3] precursors in 20 mL THF for 50 min. No significant

deposition occurred at 300 1C whereas uniform brownish and dark

brown films were obtained at 350 1C and 400 1C, respectively.

p-XRD patterns for films deposited at 350 and 400 1C are shown

in Fig. 3(a) and (b) respectively. Peaks are matched with standard

patterns for Stannite type CFTSe materials with space group 1-42m

(JCPDS: 27-0167). Films deposited at 350 1C showed peaks at 2-theta

values (27.17 (112), 45.07 (204), 53.41 (116), 65.65 (400) and 72.41

(316)) which correspond to the standard Cu2FeSnSe4 patterns (JCPDS:

27-0167), whereas the films deposited at 400 1C showed slight shift

from the standard p-XRD patterns for CFTSe.

SEM images for films obtained at 350 1C showed flower like

irregular crystallites of less than 1 mm in size (Fig. 3(c) and (d)) and

the films deposited at 400 1C with larger and smaller irregular and

regular spherical morphologies (Fig. 3(e) and (f)). EDX results of films

deposited at 350 1C showed atomic percentage of Cu (25.11%), Fe

(11.57%), Sn (9.17%) and Se (54.13%) which gave stoichiometry of

Cu2.17Fe1.0Sn0.8Se4.6. Films deposited at 400 1C showed elemental

analysis results for large spherical particles as Cu (13.33%), Fe

(15.66%), Sn (26.2%) and Se (45.22%) and for small particles as Cu

(27.05%), Fe (16.62%), Sn (12.59%) and Se (42.62%) giving an average

of Cu (20.19%), Fe (17.2%), Sn (19.4%) and Se (43.91%) which gives a

stoichiometric composition of Cu1.4Fe1.1Sn1.3Se3.0 showing higher

percentage of Sn and lower percentage of Cu and Se. Selected area

elemental maps for films deposited at 400 and 350 1C showed

uniform distribution of elements throughout the film as shown in

Fig. 4(a) and (b), respectively.

Raman spectra of films obtained at 400 1C showed a broad strong

peak at �209 cm�1 and a less intense peak at �270 cm�1 (Fig. 4(c))

which is in agreement with the reported value of CFTSe (209,

270 cm�1) [8–10]. The thickness of the films deposited at both

temperatures was found to be ca 1 μm. Band gap measurement of

films deposited at 400 1C using Tauc plots showed value �1.18 eV

whereas films deposited at 350 1C showed band gaps of �1.05 eV

(Fig. 4(d)) which closely matches with the reported value (1.12 eV) [17].

The deposited CZTSe thin films showed Kesterite phase

whereas CFTSe thin films were in Stannite phase. The optical band

gaps of the CZTSe films are slightly higher (1.12 and 1.25 eV) than

those of CFTSe (1.05 and 1.18 eV) which is expected due to the

presence of iron which reduces the optical band gap [18]. The

morphology of the CZTSe films are predominantly based on

Fig. 4. (a, b) Selected area elemental maps for CFTSe thin films deposited at 350 and 400 1C respectively. (c, d) Raman spectra and band gap for CFTSe films deposited at

350 1C and 400 1C (labelled individually).
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densely distributed flake like crystallites whereas the SEM images

of CFTSe films show semi-spherical clusters of smaller crystallites

with varying size thinly distributed on the surface of substrate.

4. Conclusions

CZTSe and CFTSe thin films have been deposited by AACVD at

temperatures between 350 and 450 1C. Films were characterised

by p-XRD, SEM, EDX, and Raman spectroscopy. Deposited materi-

als showed different phases, CZTSe as Kesterite and CFTSe as

Stannite. Band gap measurements showed that CZTSe films have

higher band gaps at both deposition temperatures than those of

CFTSe as expected. Selenium rich films were found to have lower

band gap values as compared to those with selenium deficient. The

films deposited at higher temperatures were found to have less Se

content and hence gave higher optical band gaps than those

deposited at the lower temperatures.
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The AACVD of Cu2FeSn(SxSe1�x)4: potential
environmentally benign solar cell materials†

Punarja Kevin,a M. Azad Malik*b and Paul O’Brien*ab

Films of Cu2FeSn(SxSe1�x)4 (CFTSSe) have been deposited by aerosol assisted chemical vapour deposition

(AACVD) using mixtures of [Fe(S2CNEt2)3], [Bu2Sn(S2CNEt2)2] and [Cu(S2CNEt2)2] as precursors for the end

member CFTS and of [Cu(PPh3)(Ph2P(Se)NP(Se)Ph2)], [Sn(OAc)4] and [Fe(acac)3] for CFTSe. CFTSSe thin

films were deposited from [Fe(S2CNEt2)3], [Bu2Sn(S2CNEt2)2] and [Cu(PPh3)(Ph2P(Se)NP(Se)Ph2)]. The

structures, morphologies, compositions, electrical and optical properties of these materials were studied

by SEM, XRD, EDX, Raman spectroscopy, electron spectroscopy, UV-Vis measurement and using a four

probe conductivity meter.

Introduction

Kesterites are the direct band gap semiconductor materials
with an optical absorption coefficient larger than 104 cm�1.
Their band gaps can be tuned by controlling the ratio of S to Se
in the composition to cover the visible and infrared regions of
the solar spectrum (Eg: 1.0–1.5 eV).1,2 Narrow band gap p-type
semiconductors are of interest in hybrid dye sensitized solar
cell (DSSC) technology.3 CdTe and Cu2InGaS4 (CIGS) are the
common p-type semiconductors, however due to the scarcity and
cost of Te, In and Ga they are not suitable for mass commercial
applications.4 Cu2FeSnS4 (CFTS) and Cu2ZnSnS4 (CZTS) have been
investigated as counter electrodes in DSSCs.5–7Dye-sensitized solar
cells fabricated with the CFTS thin film as a photocathode in an
iodine/iodide electrolyte showed a power conversion efficiency of
8.03%; CFTS could be a cheaper alternative to Pt in DSSCs and can
also be used in conventional solar cells.8

The presence of Fe in place of Zn also improves the effi-
ciency as Fe is more soluble in the lattice and hence increases
the conductivity.9,10 Copper–iron–tin sulfide/selenide (CFTS
and CFTSe) materials are also based on earth abundant,
environmentally-benign elements. They provide potentially
cheaper and more cost-effective alternatives to the CIGS family.
Their band gaps lie between 0.9 and 1.5 eV, making them
suitable as absorbers in PV-cells.11,12 The magnetic properties
and phase characteristics of CFTS semiconductors have been
studied in detail.13

There are various reports of the preparation and deposition
of these materials. A solution based synthesis of CFTS was
reported recently using metal salts and sulfur in hot oleyl-
amine. The stannite phase of CFTS nanocrystals was obtained
with particles of diameter between 15 and 25 nm.14 Jiang et al.

reported a non-aqueous strategy for the synthesis of hierarchical
porous quaternary chalcogenide Cu2FeSnS4 as a hollow chain
microsphere by a microwave method using CuCl2, FeCl3, SnCl4
and thiourea in benzyl alcohol and octadecylamine.15 Recently
Guan et al. synthesized flower like CFTS nanoparticles by a
microwave method using Fe(NO3)3, SnCl2, Cu(NO3)2 and thiourea
in ethylene glycol.16 The structure of Cu2�x Fe1�x SnS4 was inves-
tigated by the Rietveld method by Evastigneeva et al.17 Zhang et al.

have reported the phase controlled synthesis of wurtzitic CFTS
nanoparticles with a band gap of 1.50 eV.13 The performance of
photovoltaic cells can be further improved by controlling the
composition of the material and by the incorporation of extrinsic
impurities such as Fe or Se in place of Zn and S, respectively, e.g.
as in CZTS or CFTS.18,19 Varying the Fe : Zn ratio in CFTS and the
S : Se ratio in CZTS can tune both the band gap and the lattice
parameter.13,20,21

AACVD is a simple technique which can operate at an ambient
pressure by the nebulization of precursor molecules, followed by
transport of the aerosol by an inert carrier gas such as argon or
nitrogen, to a substrate surface heated in a furnace, where thermal
decomposition of the precursor occurs. The method has been
widely applied in the deposition of complex systems and has
enabled the use of less volatile precursors than those used in more
conventional CVD methods. AACVD has been successfully used in
the deposition of a wide range of materials including metallic Ag,22

ZnO,23 Fe2O3,
24 NiTiO3,

25 SnS,26,27 CZTS,28 CuInSe2,
29 CuGaSe2,

29

CuIn0.7Ga0.3Se,
29 MoS2,

30 (CH3NH3)PbBr3,
31 SnSe,32 Cu2SnSe3,

32

and BiVO4.
33 In this paper we report the deposition of CFTS, CFTSe

and CFTSSe as thin films by AACVD.
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Experimental
Precursor synthesis and characterization

Preparation of the complexes was performed under an inert
atmosphere of dry nitrogen using standard Schlenk techniques.
All reagents were purchased from the Sigma-Aldrich chemical
company and used as received. Solvents were distilled prior to
use. Elemental analysis was performed at the micro-analytical
laboratory of the University of Manchester. TGA measurements
were carried out using a Seiko SSC/S200 model from 10 to
600 1C with a heating rate of 10 1C min�1 in nitrogen. Melting
points were recorded on a Stuart melting point apparatus and
uncorrected. Compounds [Cu(S2CNEt2)2] (1), [Fe(S2CNEt2)3] (2),
[nBu2Sn(S2CNEt2)2] (3), and [Cu(PPh3)(Ph2P(Se)NP(Se)Ph2)] (4) were
synthesized and recrystallized as reported in the literature.34–36

Complexes [Sn(OAc)4] and [Fe(acac)3] were used as purchased.

Deposition of thin films

The thin films were deposited using AACVD. Glass slides (1� 2 cm)
were used as substrates for the deposition of thin films. The
substrates were thoroughly cleaned and sonicated in acetone for
30 minutes to remove contamination. In a typical deposition experi-
ment, a precursor complex (or a suitable combination of precursors)
was dissolved in 20 mL THF in a two-neck 100 mL round-bottom
flask. The round-bottom flask was kept in a water bath above the
piezoelectric modulator (PIFCO ultrasonic humidifier model 1077).
The aerosol droplets of the precursor thus generated were trans-
ferred into the hot wall zone of the reactor by a carrier gas (argon).
The argon flow rate was controlled to be 180 sccm using a Platon
flow gauge. Both the solvent and the precursor were evaporated, and
the precursor vapor reached the heated substrate surface where thin
films were deposited between 300 and 400 1C.

Deposition of CFTS thin films

In a typical deposition of CFTS [Cu(S2CNEt2)2] (2.80 mmol),
[Fe(S2CNEt2)3] (1.40 mmol), and [Bu2Sn(S2CNEt2)2] (1.40 mmol)
weremixed in 20mL of THF in a two-neck flask in argon (200 sccm).
Depositions were carried out at 300, 350 and 400 1C on glass
substrates for 50 minutes.

Deposition of CFTSSe thin films

Thin films of Cu2FeSn(SxSe1�x)4 (CFTSSe) were deposited by using
a mixture of [Cu(PPh3)(Ph2PSe)2N2] (2.80 mmol), [Fe(S2CNEt2)3]
(1.40 mmol), and [(Bu)2Sn(S2CNEt2)2] (1.40 mmol) (2 : 1 : 1) dis-
solved in 20 mL THF at 300 and 350 1C for 50 minutes.

Deposition of CFTSe thin Films

The deposition of CFTSe was carried out by using a mixture
containing a 2 : 1 : 1 molar ratio of [Cu(PPh3)(Ph2P(Se)NP(Se)Ph2)]
(2.80 mmol) and [Sn(OAc)4] (1.40 mmol) [Fe(acac)3] (1.40 mmol)
precursors in 20 mL THF at 300 to 400 1C for 50 min.

Characterisation of thin films

The p-XRD patterns were recorded on a Bruker D8 AXE diffracto-
meter using Cu-Ka radiation. The samples were mounted flat
and scanned between 101 and 1201 in a step size of 0.05 with a

varying count rate depending upon the sample. Rietveld analysis of
the p-XRD patterns was carried out using the TOPAZ software. The
morphology and the microstructure of thin films were investigated
by using a Philips XL 30 FEGSEM and the film composition was
studied by EDX analysis using a DX4 instrument at 20 KV with
WD 10 mm. Raman spectra measurements were performed in a
Renishaw 1000Micro Raman systemwith an excitation wavelength
of 520 nm and the measurement range was set from 100 to
700 cm�1. UV-Vis measurement was carried out in a Perkin
Elmer Lambda 1050 spectrophotometer (PSI), scanned across
the range from 250 to 1000 nm. The electrical resistance was
measured using a Jandel four probe conductivity meter at room
temperature using 1 mA current.

Results and discussion

The molecular precursors used in this study are crystalline
solids, soluble in most organic solvents and are stable at room
temperature for periods of months. The stoichiometries of the
deposited films were controlled by varying the molar ratio of
the precursors. The properties of the deposited materials were
investigated by structural and optical techniques.

Thermal decomposition of precursors

Thermal decomposition studies were carried from 10 to 600 1C,
at a heating rate of 10 1C min�1 in nitrogen. All compounds
except 3 show rapid single step decompositions between 250 and
350 1C (ESI,† Fig. S1). The residual mass of the [Fe(S2CNEt2)3]
complex was found to be about 18%which is close to the calculated
percentage of FeS (17.5%). The [Bu2Sn(S2CNEt2)2] complex decom-
posed slightly faster than the other complexes and the residual
mass was found to be B34% which agrees with the calculated
residual mass of SnS2. [Cu(S2CNEt2)2] gave B9–10% residue
which is found to be half or less than half of the mass of the
expected metal chalcogenides; Cu2S (27%). TGA of [Cu(PPh3)-
(Ph2P(Se)NP(Se)Ph2)] showed single step decomposition between
250 and 320 1C with a final residue ofB10%which was less than
the expected value for Cu2Se (16%).

The TGA studies help us to understand the decomposition
patterns of complexes and also give us the idea of possible
deposition temperatures to be used. Compound [Cu(S2CNEt2)2]
(1) has a midpoint for decomposition at ca. 350 1C, which is
similar to that for [Fe(S2CNEt2)3] (2) and [nBu2Sn(S2CNEt2)2] (3)
has a midpoint for decomposition at 310 1C. The selenium
precursor [Cu(PPh3)(Ph2P(Se)NP(Se)Ph2)] (4) has a lower mid-
point for decomposition at 300 1C. The first two thiocarbamato
compounds are hence reasonably well-matched in terms of
thermal stability. The selenium precursor (4) has a lower
decomposition temperature, but also decomposes in clear two
stages, the first presumably being the loss of the adduct ligand,
however complete decomposition is achieved at 325 1C; the
other copper precursor fully decomposed only at ca. 350 1C. The
best stoichiometries are obtained, in all cases, at 350 1C, which
is probably a reflection of the varying thermal stabilities of
the precursors.
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Structural studies of thin films

These films were deposited from various mixtures of precursors
at temperatures between 300 and 400 1C. In all cases the metal
precursor ratios were set to stoichiometric ratios for the phases
i.e. 2 : 1 : 1 [Cu] : [Fe] : [Sn], with the precursors being varied in
nature to control the selenium content. The compositions
of the films obtained from EDX measurements using an
electron microscope are summarized in Fig. 1 and Table 1.
Iron incorporation is consistently close to the stoichiometric

ratio calculated from the feed rate. There have been many
structural studies of the various materials formed when iron
is substituted into kesterite (CZTS). The parent structures are
shown in Fig. 2. Hall et al.36 carried out a single crystal X-ray
study of the changes in the structure as the ratio of zinc to iron
was varied and found that kesterite is pseudo-cubic with 2aD c,
and that the stannites are more pronounced in their tetragonal
nature. Compositions of Cu1.98Fe0.29Zn0.72Cd0.01Sn0.99S4 kesteritic
form and Cu2Fe0.81Zn0.18Cd0.08SnS4 stannitic form, from naturally
occurring samples, were studied.

More recently Bonazzi et al.37 have studied variation in the
system in more detail finding that the pseudo-cubic form
dominates in zinc rich compositions x 4 0.5. The samples
we have studied are ferroan with varying compositions of sulfur
or selenium (i.e. x = 0). However, the powder patterns we have
obtained (Fig. 1) are dominated by the cubic reflections, pro-
viding the potential for a simplified analysis of the data for
comparative purposes vide infra. All Rietveld fits were consis-
tent with the older pseudo cubic reports. There have been other
studies of such systems38 and the structure of Cu2FeZnSnSe has
been reported to be kesteritic.39

The deposition of CFTS films at 300, 350 and 400 1C produced
thin black, adherent specular films (Scheme 1). The p-XRD patterns

Fig. 1 Correlation of the feed rate (horizontal lines are at Cu (0.5) and

Fe or Sn (0.25)) with measured metal mole fractions by EDX plotted for

each element on the y-axis.

Table 1 Consolidated p-XRD and EDX analysis of CFTS, CFTSe and CFTSSe thin films deposited at different temperatures

Film Temp. (1C) Stoichiometry

Rietvelda Cubicb Literature Literature

(ICCD)ref.a a a c

CFTS 300 Cu2.1Fe0.92Sn1S3.3 5.4328(2) 5.46(2) 5.4495(6)c 10.726(2)c Ref. 19
CFTS 350 Cu1.8Fe0.90Sn1S2.80 5.4261(6) 5.45(1) 5.4495(6)c 10.726(2)c Ref. 19
CFTS 400 Cu1.2Fe0.55Sn1S1.8 5.414(4) 5.402(1) 5.4495(6)c 10.726(2)c Ref. 19
CFTSSe 300 Cu1.2Fe0.75Sn1S0.14Se3.4 — 5.487(7) — — —
CFTSSe 350 Cu1.8Fe0.69Sn1S1.8Se1.5 — 5.506(1) — — —
CFTSSe 400 Cu1.7Fe0.56Sn1S1.8Se1.02 — 5.510(5) — — —
CFTSe 350 Cu2.74Fe1.26Sn1Se5.9 5.714(0) 5.663(3) 5.7200d 11.286d 00-052-009821

CFTSe 400 Cu1.0Fe0.88Sn1.0Se2.26 — 5.64(6) 5.7200d 11.286d 00-052-009821

a For details see sup publication. b From peak position and a2 = d2(h2 + k2 + l2). c For cubic ICDD 00-53-0575 gives a = 5.4233 Å. d For cubic analysis
ICDD 00-027-0167 gives a = 5.685 Å.

Fig. 2 Structural models of the kesteritic and stannitic forms of

Cu2(Fe1�xZnx)SnS (after Hall36); copper, blue; sulfur, yellow; tin, grey and

iron/zinc, purple.
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of all these films correspond to pseudo-cubic CFTS (ICDD
00-053-0575 a = 5.4233). The main peaks appeared at 28.491
(111), 33.01 (002), 47.41 (022), 56.21 (113), and 69.21 (400) (Fig. 3).
Some additional reflections were seen most notably in the pattern
of films deposited at 400 1C, which may be due to Mawsonite
(ICDD: 01-086-2274). Rietveld analysis of the films deposited at
350 and 400 1C (Rwp = 3.11 and 4.61) is detailed in the ESI†
(Fig. S2(a) and (b), Tables S1 and S2). Rietveld refinement gave
cubic fits with a = 5.4261(6) Å and 5.414(4) Å for the CFTS films
deposited at 350 and 400 1C (Table 1).

In order to provide a consistent comparison of the films
d spacings for each sample were also calculated from the
principal peaks with the cubic indices. These are in good
agreement for the known phases and the results of Rietveld
refinements are all summarized in Table 1. The CFTSSe thin films
deposited using an equimolar ratio of selenium and sulfur
precursors at 300 and 350 1C again gave thin black, adherent
films. The p-XRD patterns of CFTSSe showed clear shifts from that
of CFTS (Fig. 3). There seems to be a trace of an impurity in the
film deposited at 300 1C and Rietveld analysis gave no matching
with any of the known parent CFTS and CFTSe phases.

No significant deposition of CFTSe occurred at 300 1C
whereas uniform brownish and dark brown films were obtained
at 350 and 400 1C. The p-XRD patterns of films deposited at
350 1C (Fig. 3) matched with standard cubic patterns (ICDD:
00-027-0167, a = 5.6850 Å). The peaks are at values 27.16 (111),

45.07 (220), 53.41 (311), 65.65 (400) and 72.41 (316). Rietveld
analysis is given in the ESI† (Fig. S2(c) and Table S3) with
a = 5.713(0) Å and Rwp = 2.56. The p-XRD patterns of the films
deposited at 400 1C showed only cubic CFTSe peaks however,
a slight shift in peak positions was observed.

Morphology and compositional studies of thin films

The morphology of the CFTS thin films deposited at the three
different temperatures is shown in Fig. 4(a)–(c).

The SEM images of the films deposited at 300 1C consist of
irregular flakes of 1–2 mm which change to thicker hexagonal
plates of about the same size at 350 1C, and further change to
irregularly shaped smaller crystallites ca. 0.5–1 mm at 400 1C.
The thickness of the films was B1 mm. Elemental mapping of
films deposited at 300 and 400 1C confirmed uniform composition
throughout the selected area (Fig. 5(a) and (b)). The morphology of

Scheme 1 Synthesis and deposition of thin films by AACVD.

Fig. 3 p-XRD patterns of CFTS and CFTSe films deposited at 300, 350 and

400 1C (a)–(c) and (f)–(h), respectively, and Cu2FeSn(SxSe1�x)4 (CFTSSe) films

at 350 and 400 1C (d) and (e); the standard patterns for CFTS (bottom),

CFTSe (top). (*) mark shows peaks from the Mawsonite phase of CFTS.
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CFTSSe films deposited at 300 1C to 400 1C is shown in
Fig. 4(d)–(f). The SEM images of particles of the films deposited
at 300 1C consist of flower like clusters of irregular plates with
an average size range of B1.5 mm which changed to thicker
irregular crystallites at 350 1C and then to large and small
irregular flakes and clusters with size less than 1.0 mm. Selected
area elemental map images of the films deposited at 350 and
400 1C showed uniform distribution of constituents over the
entire area of the films (Fig. 5(c) and (d)).

SEM images of CFTSe films obtained at 350 1C showed
flower like irregular crystallites of less than 1 mm in size (Fig. 4(g)
and (h)). The CFTSe films deposited at 400 1C showed larger and
smaller irregular and regular spherical morphologies. Selected area
elemental map images are shown in Fig. 6.

The CFTS thin films deposited at 350 1C were scratched and
the residue ground in hexane and used for TEM studies. The
TEM image, elemental mapping and selected area electron

diffraction (SAED) pattern are shown in Fig. 6. The TEM image
shows irregular plate like crystallites of different sizes.

The SAED pattern showed three diffraction rings corre-
sponding to (111), (002) and (004) planes of the cubic CFTS.
The TEM-EDX and elemental mapping of the CFTS thin films
over a 50 nm area of the material showed uniform composition
of elements over the entire area. The weight percentage of the
elements was found to be 22.9% Cu, 17.4% Sn, 12.1% Fe and
47.2% S which gave a stoichiometry as Cu1.9Fe1.0Sn1.4S3.9 which
is close to that observed by SEM-EDX.

Raman spectra of CFTS films deposited at 300, 350 and 400 1C
showed weak peaks at 218 and 285 cm�1 and a strong peak at
321 cm�1 which agree with the reported values for CFTS.9 No
peaks were observed at 282 cm�1 (FeS), or 190 or 314 cm�1 (SnS)
confirming the absence of these impurities (Fig. 7).12,21,25,26

The Raman spectra of the CFTSSe thin films deposited at
300 1C gave a broad intense peak at about 210 cm�1 and a
minor peak at around 290 cm�1. The peak at 209 cm�1 was
attributed to the A1 modes of CFTSe and the peak at around
295 cm�1 was attributed to that of CFTS materials. The Raman
spectra of the CFTSSe films deposited at 350 1C showed a peak at
around 209 cm�1 and a less intensity peak at around 320 cm�1

which correspond to the A1 Raman modes of CFTSe (209 cm�1)

Fig. 4 (a)–(c) SEM images of CFTS thin films deposited at 300, 350 and

400 1C, respectively. (d)–(f) The SEM images of Cu2FeSn(SxSe1�x)4 (CFTSSe)

thin films deposited at 300, 350 and 400 1C. (g) and (h) The SEM images of

CFTSe thin films deposited at 350 1C and 400 1C.

Fig. 5 Elemental mapping images of (a) and (b) the CFTS thin films

deposited at 300 and 400 1C, (c) and (d) CFTSSe thin films deposited at

350 and 400 1C, and (e) and (f) CFTSe thin films deposited at 350 and

400 1C.
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and CFTS (325 cm�1), and no peaks at 236 and 251 cm�1 were
observed showing the absence of Cu2SnSe3 phases (Fig. 7).

32,40

The Raman peaks for the CFTSSe films deposited at 400 1C
showed an almost similar peak position for the sulfide and
Se A1 modes. The selenide peaks were less intense as compared
to sulfide peaks for the films deposited at 350 1C. The Raman
spectra results agree well with the EDX and p-XRD analysis in
terms of the stoichiometric ratio of S to Se in the material at
deposition temperatures of 300 and 350 1C. Raman spectra of
the CFTSe films obtained at 350 1C showed a broad strong peak
at B209 cm�1 and a less intense peak at B270 cm�1 (Fig. 3)
which are in agreement with the reported peaks for CFTSe
(209, 270 cm�1).40,41

Optical and electrical properties of CFTS, CFTSe and CFTSSe

thin films

The band gap of CFTS thin films deposited at 350 1C, from Tauc
plots, was B1.6 eV, close to those reported previously.1–4,30–34

The CFTSe films deposited at 350 1C gave a value of 1.05 eV. The
band gap value for the CFTSSe films deposited at 350 1C was
found to be B1.26 eV which lies between those of the CFTS
(1.6 eV) and CFTSe (1.1 eV) films (ESI,† Fig. S3).11–14,20,41–45 Band
gaps values reported in the literature are 1.50 eV for stannite
CFTS and 1.1 eV for CFTSe.41–45 These measurements are in
reasonable agreement with other estimates of composition.

The sheet resistance of the CFTS films deposited at 350 1C
(at room temperature) was found to be 2.13 KO cm�2 which is

higher than that reported previously for CZTS and CFTS.40–46 The
room temperature sheet resistance of CFTSe filmswas 1.48 KO cm�2

lower than that of CZTS materials.44–46 The resistance of the CFTSSe
films deposited at 350 1C and room temperature was 1.89 KO cm�2

which is significantly lower than that of CFTS films deposited at the
same temperature.40–44

Conclusion

Thin films of Cu2FeSnS4, Cu2FeSnSe4, and Cu2FeSn(SxSe1�x)4
have been deposited by AACVD using mixtures of molecular
precursors. The best films of each type, in terms of the stoichio-
metry structure and properties, were obtained, at 350 1C, for
each composition. These results show that mixtures of these
precursors provide a potentially useful route into this com-
plex series of quaternary materials. The sheet resistance of

Fig. 6 (a) and (b) The HRTEM images of Cu2FeSnS4 thin films deposited at

350 1C, the inset in (a) shows the SAED pattern of CFTS. (c)–(f) Elemental

mapping images.

Fig. 7 (a)–(c) Raman spectra of CFTS thin films deposited at 300, 350, and

400 1C. (d)–(f), Cu2FeSn(SxSe1�x)4 (CFTSSe) deposited at 350 to 400 1C.

(g) and (h) CFTSe deposited at 300 and 350 1C.
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Cu2FeSnS4 (2.13 KO cm�2), Cu2FeSnSe4 (1.48 KO cm�2)
and Cu2FeSn(SxSe1�x)4 (1.89 KO cm�2) and band gap values
(1.1–1.6 eV) of all these materials are ideal for the solar cells.
Further studies on thermal resistance, photovoltaic and magnetic
properties of thin films are in progress.

Abbreviations

AACVD Aerosol assisted chemical vapour deposition
BG Band gap
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Synthesis of Precursors  

 

Complexes [Cu(S2CNEt2)2],
1 (1) [Fe(S2CNEt2)3]

2 (2) and [Bu2Sn(S2CNEt2)2]
3 (3) were 

synthesised using the methods reported previously. Thermal decomposition studies were 
done by thermogravimetric analysis (TGA) and the results were matching with the 
reported values (Figure S1).All complexes decompose at same range of temperature.  

Synthesis of [Cu(S2CNEt2)2] (1) : Sodium salt of diethyldithiocarbamate (3 g, 1.3 mmol) was 
dissoloved in 50 mL of methanol in double neck 250 mL RB. Slow addition of methanolic 
solution of Cu(NO3)2 (1.24 g, 0.65 mmol) gave black precipitate. Precipitate formed was 
isolated by filtration. Recrystallisation was performed using chloroform. Yield: 4.78g (73%), 
Mpt: 201 °C, IR (vmax/cm-1): 2979(w), 2868(w), 1501(s), 1434(m), 1270(s), 1205(m) and 
1144(m), Elemental analysis: Calc. for C10H20N2S4Cu: C, 33.4; H, 5.5; N, 7.7; S, 35.6; Cu, 
17.6 %. Found: C, 33.2; H, 5.3; N, 7.3; S, 35.2; Cu, 17.2 %. 
 
Synthesis of [Fe(S2CNEt2)3] (2) : This complex was synthesised by method described for 
complex (1) using zinc acetate (1.46 g, 0.65 mmol), The crude product was obtained as white 
powder. Recrystallisation from chloroform, yielded colourless crystals. yield 4.81 g (79%), 
Mpt: 198-201 °C, IR (vmax/cm-1): 2967(w), 2938(w), 1478(s), 1429(m), 1352(w), 1296(w), 
1296(m), 1270(s), 1050(s) and 950(s), Elemental analysis: Calc. for C15H30N3S6Fe: C, 35.98; 
H, 6.04 N, 8.39; S, 38.43; Fe, 11.15 %. Found: C, 35.7; H, 6.3; N, 8.4; S, 37.82; Fe, 11.0 %.  
 

Synthesis of [Bu2Sn(S2CNEt2)2]
 (3): Complex 3 was synthesised by method described for 

complex (1) using di-n-butyltin dichloride (2.02 g. 0.65 mmol). The methanol was removed 
by vacuum distillation. Recrystallization using ethanol-chloroform yielded colourless plates 
of crystals. White solid, yield η.η g, (θ7%), εptμ η7 °C, IR (νmax/cm-1): 2953(w), 2924(w), 
1483(s), 1456(m), 1417(s), 1353(m), 1298(m) 1253(s), 1205(s) and 1138(s), Elemental 
analysis: Calc. for C18H38N2S4Sn: C, 40.8; H, 7.2; N, 5.3; S, 24.2; Sn, 22.4 %. Found: C, 
39.9; H, 7.5; N, 5.1; S, 22.8; Sn, 21.4 %.were synthesised using the method reported 
previously.  



Synthesis of Cu(PPh3)[Ph2P(Se)NP(Se)Ph2](4)μ Step one involved the synthesis of potassium 
diphenylphosphinodiselenoate by reaction of diphenylphosphine, elemental selenium and 
potassium hydroxide as reported by Gusarova et al.4 In step a 1η0 mδ methanol solution of 
1.2 g (2.θ mmol)  

 

K[Ph2P(Se)P(Se)Ph2] was mixed with a solution of Cu(PPh3)2NO3 (1.4 g, 2,1 mmol) in 100 
mδ chloroform. Stirred for 30 min and the  precipitate was filtered , filtrate on rotary 
evaporation gave a pinkish powder. The product was recrystallized from CH2Cl2. Yieldμ θ4% 
Cu(PPh3)[Ph2P(Se)NP(Se)Ph2];  m. p; 221-223 °C. Elemental Analysis μ Calc. for 
C42H3ηCuNP3Se2μ C, η8.1; H, 4.1; N, 1.θ% and  Found C, η7.87; H, 3.λ2; N, 1.48. 31P NεR 
(400 εHz, CDCl3, rel. to 8η% H3PO4)μ  = 2θ.14 ppm with two P–Se satelites, 1JP–Se-η7θ 
Hz. FTIRμ 30η0 cm-1(n C- H), 11θη cm-1 (n -P2N),1100, 7ηη cm-1 (ns-P2N), θλ0, η4η (n- 
PSe), η1λ, η0η. εass specμ m/z μ 8θλ ,θ70, 4θ0, 341. TGA showed single step 
decomposition between 2η0 to 320 ᵒC with residue ~ 1η% which is closer to the expected 
CuSe (1θ%) (Figure S1) 

 
Figure S1: TGA analysis of precursors (1-4). Black vertical lines represent 50 % 
decomposition temperatures 349, 345,302 and 310 °C for precurosros (1) to (4) 
respectively. Thermal decomposition studies were carried from 10-600 °C, at a heating 
rate 10 °C min-1 under nitrogen. 



 

 

Figure S2: (a) and (b) are the Rietveld refinement of CFTS films deposited at 350 and 400 
°C.  (c) is the Rietveld refinement of CFTSe thin films deposited at 350 °C.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1: Rietveld analysis of CFTS thin films deposited at 350 °C using CFTS (ICDD 00-
053-0575 a = 5.4233). Rwp = 3.11, lattice constant a = 5.4261(6) Å.  
 

h k l d 2θ 
1 1 0    3.82828   23.30030 
0 1 1    3.82828   23.30030 
1 1 1    3.12577   28.63786 
0 2 0    2.70700   33.18699 
0 0 2    2.70700   33.18699 
1 2 0    2.42121   37.23970 
0 2 1    2.42121   37.23970 
0 1 2    2.42121   37.23970 
2 1 0    2.42121   37.23970 
1 2 1    2.21026 40.94553 
1 1 2    2.21026   40.94553 
2 1 1    2.21026   40.94553 
2 2 0    1.91414   47.64074 
0 2 2    1.91414   47.64074 
2 2 1    1.80467   50.72824 
0 3 0    1.80467   50.72824 
0 0 3    1.80467   50.72824 
1 2 2    1.80467   50.72824 
2 1 2    1.80467   50.72824 
3 1 0    1.71206   53.68519 
0 1 3    1.71206   53.68519 
0 3 1    1.71206   53.68519 
1 3 0    1.71206   53.68519 
1 1 3    1.63238   56.53389 
3 1 1    1.63238   56.53389 
1 3 1    1.63238   56.53389 
2 2 2    1.56289   59.29181 
0 2 3    1.50157   61.97298 
2 3 0    1.50157   61.97298 
3 2 0    1.50157   61.97298 
0 3 2    1.50157   61.97298 
2 3 1    1.44695   64.58891 
3 1 2    1.44695   64.58891 
1 3 2    1.44695   64.58891 
2 1 3    1.44695   64.58891 
1 2 3    1.44695   64.58891 
3 2 1    1.44695   64.58891 
0 0 4    1.35350   69.66219 
0 4 0    1.35350   69.66219 
1 4 0    1.31309   72.13493 
0 1 4    1.31309   72.13493 
4 1 0    1.31309   72.13493 
0 4 1    1.31309   72.13493 
2 3 2    1.31309   72.13493 
3 2 2    1.31309   72.13493 

 



Table S2: Rietveld analysis of CFTS thin films deposited at 400 °C using CFTS (ICDD 00-
053-0575 a = 5.4233). Rwp = 4.61, lattice constant a = 5.414(4) Å.  
 

h k l d 2θ 
0 0 2    5.41850   16.34580 
0 1 1    4.85253   18.26770 
1 1 0    3.83747   23.15939 
1 1 2    3.13164   28.47864 
0 1 3    3.00709   29.68472 
0 2 0    2.71350   32.98337 
0 0 4    2.70925   33.03659 
0 2 2    2.42627   37.02153 
2 1 1    2.36836   37.96088 
1 1 4    2.21325   40.73491 
2 1 3    2.01456   44.96065 
0 1 5    2.01281   45.00167 
2 2 0    1.91873   47.33916 
0 2 4    1.91723   47.37857 
2 2 2    1.80868   50.41383 
0 0 6    1.80617   50.48904 
0 3 1    1.78431   51.15177 
3 1 0    1.71617   53.33955 
3 1 2    1.63607   56.17541 
1 1 6    1.63420   56.24519 
0 3 3    1.61751   56.87819 
2 1 5    1.61661   56.91280 
2 2 4    1.56582   58.93703 
0 2 6    1.50355   61.63710 
3 2 1    1.49087   62.21933 
0 1 7    1.48875   62.31760 
3 1 4    1.44978   64.18962 
3 2 3    1.38939   67.34077 
0 3 5    1.38882   67.37218 
0 4 0    1.35675   69.18728 
0 0 8    1.35462   69.31130 
0 4 2    1.31612   71.64552 
2 2 6    1.31515   71.70660 
4 1 1    1.30664   72.24684 

 

 

 

 

 

 

 

 

 



Table S3: Rietveld analysis of CFTSe thin films deposited at 350 °C using CFTSe (ICDD: 
00-027-0167, a = 5.6850 Å), Rwp = 2.56, lattice constant a = 5.713(0) Å.   
 

h k l d 2θ 
1 1 0    4.02216   22.08222 
1 1 1    3.28036   27.16219 
0 2 0    2.84410   31.42860 
0 0 4    2.83445   31.53838 
0 2 2    2.54211   35.27763 
2 1 1    2.48213   36.15913 
1 1 4    2.31694   38.83680 
2 1 3    2.11031   42.81715 
0 1 5    2.10636   42.90144 
2 2 0    2.01108   45.06256 
0 2 4    2.00766   45.12353 
2 2 2    1.89535   47.95965 
0 0 6    1.88963   48.11386 
0 3 1    1.87010   48.64885 
3 1 0    1.79877   50.71142 
3 1 1    1.71453   53.39470 
2 1 5    1.69269   54.13931 
2 2 4    1.64018   56.02222 
0 2 6    1.57391   58.60447 
3 2 1    1.56257   59.07185 
0 1 7    1.55776   59.27216 
3 1 4    1.51876   60.95367 
3 2 3    1.45587   63.88925 
0 3 5    1.45457   63.95308 
0 4 0    1.42205   65.59634 
0 0 8    1.41723   65.84792 
0 4 2    1.37931   67.89933 
2 2 6    1.37711   68.02304 
4 1 1    1.36949   68.45367 
2 1 7    1.36625   68.63848 
3 3 0    1.34072   70.13483 
1 1 8    1.33668   70.37849 
3 3 2    1.30473   72.36931 
3 1 6    1.30286   72.48959 
4 1 3    1.29594   72.93848 
3 2 5    1.29503   72.99844 
4 2 0    1.27192   74.54668 

 



 

Figure S3: Tauc plot for the CFTS, CFTSSe and CFTSe thin films deposited at 3η0 °C. 

 

              Table S4μ Calculation of band gap from Tauc plot 

 

Material Intercept (a) Slope (b) BG 
(eV) 

R2 

CFTS 350 4.θ7 x10-4 2.λη x10-4 1.η8 0.8λ72 

CFTSSe 350 2.86 x10-4 2.27 x 10-4 1.25 0.9382 

CFTSe 350 6.36 x 10-4 5.78 x 10-4 1.10 0.9561 

 

References 

1. Revaprasadu, N.; Malik, M. A.; O'Brien, South African Journal of Chemistry  2004, 57, 
40-43.  

2. Akhtar, M.; Akhter, J.; Malik, M. A.; O'Brien, P.; Tuna, F.; Raftery, J.; Helliwell, M. 
Journal of Materials Chemistry 2011, 21 (26), 9737-9745. 

3. Ramasamy, K.; Kuznetsov, V. L.; Gopal, K.; Malik, M. A.; Raftery, J.; Edwards, P. P.; 
O’Brien, P.,. Chemistry of Materials 2013, 25 (3), 266-276. 

4. Trofimov,B. A; Artem'Ev,  A. V.; Gusarova, N. K.; Malysheva, S. F.; Fedorov, S. V.; 
Kazheva, O. N.; Alexandrov G. G.; and. Dyachenko O. A.; Synthesis, 2009, 3332-
3338. 



78 

 

 CHAPTER - IX : PAPER - 6 

 

 

 

 “The controlled deposition of Cu2(ZnyFe1−y)SnS4, 

Cu2(ZnyFe1−y)SnSe4 and Cu2(ZnyFe1−y)Sn(SxSe1−x)4 thin 

films by AACVD: potential solar cell materials based on 

earth abundant elements” 

 

 

 

Punarja Kevin, M. Azad Malik, Paul O’Brien, J. Mater. Chem. C, 

2015, 3, 5733-5741 

 

 

 

 

 

 

 

 

 

 

 



This journal is©The Royal Society of Chemistry 2015 J. Mater. Chem. C, 2015, 3, 5733--5741 | 5733

Cite this: J.Mater. Chem. C, 2015,

3, 5733

The controlled deposition of Cu2(ZnyFe1�y)SnS4,
Cu2(ZnyFe1�y)SnSe4 and Cu2(ZnyFe1�y)Sn(SxSe1�x)4
thin films by AACVD: potential solar cell materials
based on earth abundant elements†

Punarja Kevin,a Mohammad Azad Malik*b and Paul O’Brien*ab

Highly crystalline thin films of Cu2(ZnyFe1�y)SnS4 (CZFTS), Cu2(ZnyFe1�y)SnSe4 (CZFTSe) and Cu2(ZnyFe1�y)-

Sn(SxSe1�x)4 (CZFTSSe) have been deposited by aerosol assisted chemical vapour deposition (AACVD) from

mixtures of dithio- or diseleno-carbamato, diselenophosphinato and acetylacetenato complexes. The

structure, morphology, composition, optical and electrical properties of the deposited materials were

investigated. The [Zn] : [Fe] and [S] : [Se] ratios are the important factors affecting the overall properties of

these materials and can be controlled.

Introduction

Kesteric materials are considered to be amongst the better of the
new absorbers for polycrystalline PV-solar cells.1 The parent family
encompasses Cu2ZnSnS4 (CZTS Kesterite), Cu2ZnSn(SxSe1�x)4,
(CZTSSe) and Cu2ZnSnSe4 (CZTSe).1 The related iron containing
phases Cu2(ZnyFe1�y)SnS4 (CZFTS), Cu2(ZnyFe1�y)SnSe4 (CZFTSe)
and (CZFTSSe) have optical band gaps, large absorption coefficient
and transport properties similar to those of CZTS.2–4 There are few
studies reported for materials that can form in both the kesteritic
(space group I%48m) and the stannitic (space group I%42m) type
dependent upon the [Zn] : [Fe] ratio.4 The polymorphs have very
small difference in thermodynamic stability. The addition of iron
into CZTS thin films decreases the optical band gap which can
improve the power conversion efficiency (PCE) of thin film solar
cells (TFSCs). The solubility of iron in the CZTS derivatives plays a
key role in controlling many parameters.5

The iron containing analogues are of particular interest for
Si-based tandem solar cells as the lattice constant of Si (5.4311 Å)
lies between two end members in the Cu2(ZnyFe1�y)Sn(SxSe1�x)4
series CFTS (5.414 Å) to CZTSe (5.435 Å). Variations in [Zn] : [Fe],
or [S] : [Se] composition affect both the lattice spacing’s and band
gap.2–6 The magnetic5 and vibrational7 properties of CZFTS alloys
have also been investigated. Addition of Fe in CZTS thin films
decreases the optical band gap energy which can improve the PCE
of TFSCs.2 Nanocrystals of the related CuInxGa1�x(SySe1�y)2

(CIGSSe) synthesized by colloidal methods, have band gaps
tunable from 0.98–2.40 with changes in x and y from 0 to 1.8

AACVD is a simple technique which can operate at an
ambient-pressure using the nebulization of the precursor mole-
cules, followed by transport of the aerosol by an inert carrier
gas such as argon or nitrogen to a substrate surface heated in a
furnace where thermal decomposition of the precursor occurs.

AACVD has been widely applied in the deposition of complex
systems and has enabled the used of less volatile precursors than
more conventional CVD methods. These have included high
temperature superconductors9 and other oxides.9 Stoichiometry
controlled thin films of CdS, ZnS, and Cd1�xZnxS were deposited
from Cd(SOCCH3)2–TMEDA and Zn(SOCCH)2–TMEDA (TMEDA =
N,N,N,N-tetramethylethylenediamine).9 Marks et al. reported the
deposition of metallic silver thin films using tris(phosphino)-
boratosilver(I) complexes10 and Parkin et al. reported a single step
route to the deposition of super hydrophobic surfaces through
AACVD and deposition of ZnO thin films by AACVD.11 Wijayantha
et al. reported the polycrystalline a-Fe2O3 electrodes by aerosol-
assisted chemical vapour deposition from a ferrocene precursor.12

Mazhar et al. reported the deposition of high quality NiTiO3

thin films from a single-source heterobimetallic complex
[Ni2Ti2(OEt)2(m-OEt)6(acac)4] precursor.13 The method has
also been successfully applied for a-Fe2O3 using [Fe6(PhCOO)10-
(acac)2(O)2(OH)2]33C7H8.

14 AACVD has recently been used for
the deposition of various semiconductor materials including
SnS,15 CZTS,16 CuInSe2,

17 CuGaSe2,
17 CuIn0.7Ga0.3Se,

17 MoS2,
18

inorganic–organic perovskite (CH3NH3)PbBr3,
19 SnSe and

Cu2SnSe3.
19 Hussain et al. reported different morphologies of

hexagonal FeSe from 1-benzoyl-3-(4-ferrocenylphenyl)seleno-
urea under the influence of surfactants (span and triton) and
temperature.20 Very recently bismuth vanadate (BiVO4) thin
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film photoelectrodes prepared by AACVD on fluorine doped
tin oxide (FTO) glass substrates were produced, BiVO4 photo-
electrodes is promising for use in PEC water-splitting cells.21

Recently the application of AACVD has been reviewed by Marchand
et al.9 b-In2S3 thin films deposited by AACVD, irrespective
of different metal ligand design, generate comparable morphol-
ogies of thin films at different temperatures, the measured
photoelectrochemical performance of these films were highly
useful in fabricating electrodes for solar energy harvesting and
optoelectronic application.22

Dhurba and reported the deposition of CZFTS thin films, by
spray pyrolysis followed by sulfurization at B500 1C.7 Agawane
et al. reported the effect of [Zn] : [Fe] ratio on the properties of
CZFTS thin films deposited by a pulsed laser deposition technique
but the formation of Cu-rich and Zn-poor large grains was found
to affect these parameters.2 We have used a series of molecular
precursors for the deposition of binary and ternary materials.22

Herein, we report the AACVD of CZFTS, CZFTSe and CZFTSSe
thin films and detailed investigation on the effect of [Zn] : [Fe]
and [S] : [Se] ratios on the structure, morphology, optical band
gap and electrical resistance of these materials.

Experimental section

Preparations were performed under an inert atmosphere of dry
nitrogen using standard Schlenk techniques. All reagents were
purchased from Sigma-Aldrich chemical company and used as
received. Solvents were distilled prior to use. Elemental analysis
was performed by the University of Manchester micro-analytical
laboratory. TGA measurements were carried out by a Seiko SSC/
S200 model from 10 to 600 1C with a heating rate of 10 1Cmin�1

under nitrogen. Melting point was recorded on a Stuart melting
point apparatus and uncorrected.

Synthesis of metal–organic complexes

The compounds [Cu(S2CNEt2)2], [Fe(S2CNEt2)3], [
nBu2Sn(S2CNEt2)2],

[Zn(S2CNEt2)2], [Zn(Se2CNEt2)2] and [Cu(PPh3)(Ph2P(Se)NP(Se)Ph2)]
were synthesised and recrystallized as reported in literature,
brief details follow.14,23–25

[Cu(S2CNEt2)2]. Sodium diethyldithiocarbamate (13 mmol)
was dissolved in methanol in a 500 mL double necked round-
bottom flask. Slow addition of a methanolic solution of Cu(NO3)2
(6.5 mmol) gave a black precipitate, which was isolated by filtration.
Recrystallization was performed using chloroform. Yield: 4.78 g
(73%), Mpt: 201 1C, IR (nmax/cm

�1): 2979(w), 2868(w), 1501(s),
1434(m), 1270(s), 1205(m) and 1144(m), elemental analysis: calc.
for C10H20N2S4Cu: C, 33.4; H, 5.5; N, 7.7; S, 35.6; Cu, 17.6%.
Found: C, 33.2; H, 5.3; N, 7.3; S, 35.2; Cu, 17.2%.

[Fe(S2CNEt2)3]. Sodium diethyldithiocarbamate (13 mmol) with
Fe(NO3)3 (4 mmol) gave a black powder which on recrystallization
produced black shiny crystals. Yield 4.81 g (79%), Mpt: 198–201 1C,
IR (nmax/cm

�1): 2967(w), 2938(w), 1478(s), 1429(m), 1352(w),
1296(w), 1296(m), 1270(s), 1050(s) and 950(s), elemental analysis:
calc. for C15H30N3S6Fe: C, 35.98; H, 6.04 N, 8.39; S, 38.43; Fe,
11.15%. Found: C, 35.7; H, 6.3; N, 8.4; S, 37.82; Fe, 11.0%.

[Zn(S2CNEt2)2]. Produced by the reaction between zinc acetate
(6.5 mmol) and sodium diethyldithiocarbamate (13 mmol) as
described above. The crude product was obtained was a white
powder which on recrystallization from chloroform gave colour-
less crystals. Yield 4.81 g (79%), Mpt: 181 1C, IR (nmax/cm

�1):
2967(w), 2938(w), 1499(s), 1427(m), 1352(w), 1296(w), 1296(m),
1270(s), 1200(s) and 114 3(s), elemental analysis: calc. for
C10H20N2S4Zn: C, 33.1; H, 5.5; N, 7.7; S, 35.4; Zn, 18.1%. Found:
C, 32.7; H, 5.3; N, 7.4; S, 35.0; Zn, 18.0%.

[Bu2Sn(S2CNEt2)2]. The compound was synthesised as described
before11 using di-n-butyltindichloride (6.5 mmol) and sodium
diethyldithiocarbamate (13 mmol). A white powdered product
was isolated by vacuum filtration and recrystallized from a
mixture of ethanol–chloroform, white shiny crystals obtained.
Yield 5.5 g, (67%), Mpt: 57 1C, IR (nmax/cm

�1): 2953(w), 2924(w),
1483(s), 1456(m), 1417(s), 1353(m), 1298(m) 1253(s), 1205(s)
and 1138(s), elemental analysis: calc. for C18H38N2S4Sn: C, 40.8;
H, 7.2; N, 5.3; S, 24.2; Sn, 22.4%. Found: C, 39.9; H, 7.5; N, 5.1;
S, 22.8; Sn, 21.4%.

[Zn(Se2CNEt2)2]. A solution of carbon diselenide (47.0 mmol)
in methanol was added drop wise to a solution of diethylamine
(47.0 mmol) and sodium hydroxide (47.0 mmol) in methanol at
5 1C while stirring. After 20 minutes the mixture was allowed to
warm up to room temperature and a solution of zinc chloride
(23.5 mmol) in dicholoromethane was added drop wise and
stirred for 0.5 hour. A yellow precipitate thus obtained was
filtered and dried in air and then in vacuum desiccator. Yield:
46%. For 1H NMR (CDCl3) peaks obtained at 1.89 �(CH3)2CH
group, 2.25 (N(CH3)2), 2.5 (NCH2). Elemental analysis calc. for
C10H24N2Se2Zn: C, 30.3; H, 6.1; N, 7.1% found: C, 30.1; H, 5.9;
N, 6.8%.

[Cu(PPh3)][Ph2P(Se)NP(Se)Ph2]. In a 150 mL methanolic
solution of 1.2 g (2.6 mmol) K[Ph2P(Se)NP(Se)Ph2] was mixed
with a solution of [Cu(PPh3)2NO3] (1.4 g, 2.1 mmol) in 100 mL
methanol. Then stirred for 30 minutes and the precipitate was
filtered, the filtrate on rotary evaporation gave a pinkish powder.
The product was recrystallized from dichloromethane resulted
pinkish crystals were dried and purified under vacuum. Yield:
64% [Cu(PPh3)][Ph2P(Se)NP(Se)Ph2]; m.p; 221–223 1C. 31P NMR
(400MHz, CDCl3, rel. to 85%H3PO4): d = 26.14 ppmwith two P–Se
satelites, 1JP–Se-576 Hz. IR (nmax/cm

�1): 3050 cm�1 (s) 1165 cm�1

(s) 1100, 755(m), 690(m) and 545(m). Mass spec.: m/z-869, 670,
460, 341. Elemental analysis: calc. for C42H35CuNP3Se2: C, 58.1;
H, 4.1; N, 1.6% and found; C, 57.87; H, 3.92; N, 1.48%.

Deposition of thin films

The thin films were deposited using AACVD. Glass slides (1� 2 cm)
were used as substrates for the deposition of thin films. Substrates
were thoroughly cleaned and sonicated in acetone for 30 minutes
to remove any possible contamination. In a typical deposition
experiment, precursor complex (or a suitable combination of
precursors) was dissolved in 20 mL THF taken in a two-necked
100 mL round-bottom flask. The round-bottom flask was kept
in a water bath above the piezoelectric modulator of a PIFCO
ultrasonic humidifier (model 1077). The aerosol droplets of the
precursor thus generated were transferred into the hot wall
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zone of the reactor by a carrier gas (Argon). The Argon flow rate
was controlled at 180 sccm by a Platon flow gauge. Both the
solvent and precursor were evaporated, and the precursor vapor
reached the heated substrate surface where thin film was
deposited at 300–400 1C.

Deposition of CZFTS thin films

Thin films of Cu2(ZnyFe1�y)SnS4 (CZFTS) were deposited using
a mixture of [Cu(S2CNEt2)2] (2.78 mmol), [Fe(S2CNEt2)3]
(0.7 mmol), [Zn(S2CNEt2)2] (0.7 mmol) and [nBu2Sn(S2CNEt2)2]
(1.40 mmol) in the molar ratio 2 : 1 : 0.5 : 0.5 : 1 in 20 ml THF.
The AACVD experiments were carried out as described above at
300 and 350 1C. The Fe-rich compositions of this material were
deposited by increasing the ratio of the iron precursor as
compared to that of zinc precursor. A mixture of [Cu (S2CNEt2)2]
(2.78 mmol), [Fe(S2CNEt2)3] (1.0 mmol), [Zn(S2CNEt2)2] (0.4 mmol)
and [nBu2Sn(S2CNEt2)2] (1.40 mmol) in 2 :1 : 0.7 : 0.3 : 1 molar ratio
in 20 ml THF was used to deposit films at 350 1C.

Deposition of CZFTSe thin films

The deposition of Cu(ZnFe)SnSe4 was carried out by using a mixture
of [Cu(PPh3)(Ph2P(Se)NP(Se)Ph2)], (2.78 mmol), [Sn(CH3CO2)4]
(1.40 mmol) [Zn(Se2CNEt2)2] (0.7 mmol) and [Fe(acac)3] (0.7 mmol)
in the molar ratio 2 :1 :0.5 :0.5 :1 in 20 mL of THF at 300 1C and
350 1C for 55 minutes. For the deposition of Fe-rich films a similar
deposition was carried out at 350 1C with different ratio of
[Zn(S2CNEt2)2] (0.4 mmol) (2.8mmol) and [Fe(acac)3] (1.0 mmol)
in 2 : 1 : 0.7 : 0.3 : 1 molar ratio in 20 mL THF and keeping other
precursor concentrations same as in the previous experiment.

Deposition of CZFTSSe thin films

The Cu2(ZnyFe1�y)Sn(SxSe1�x)4 thin films were deposited by
using [Zn(Se2CNEt2)2] (0.7 mmol) whilst keeping all the other
precursors same as for Zn-rich CZFTS (1 : 0.5 : 0.5 : 1 in 20 mL of
THF). The depositions were carried out at 300 1C and 350 1C.
For the deposition of Fe-rich composition on the films, another
deposition was carried out at 350 1C using [Zn(Se2CNEt2)2]
(0.4 mmol) and [Fe(S2CNEt2)3] (1.0 mmol) in 2 : 1 : 0.7 : 0.3 : 1
molar ratio in 20 mL THF whilst keeping all the other
concentrations same.

Characterisation of thin films

The p-XRD patterns were recorded on a Bruker D8 AXE diffracto-
meter using Cu-Ka radiations. The samples were mounted flat
and scanned between 10 and 1201 in a step size of 0.05 with a
varying count rate depending upon the sample. The morphology
and microstructure of thin films were investigated by using a
Philips XL 30 FEGSEM and film composition was studied by EDX
analysis using a DX4 instrument at 20 kV with WD 10 mm.
Raman spectra measurements taken in Renishaw 1000 Micro
Raman system with an excitation wavelength of 520 nm, measure-
ment range set from 100 to 700 cm�1. UV-VIS measurement
carried out in Perkin Elmer Lambda 1050 spectrophotometer
(PSI), scanned across the range from 250–1000 nm. Electrical
resistance measured using Jandel four probe conductivity meter
under room temperature using 1 mA current. TEM samples were

prepared by evaporating a drop of a dilute suspension of the
sample in toluene or hexane on carbon coated copper grid. The
excess solvent was allowed to dry completely at room temperature.
TEM images and elemental maps were collected on Technai T20
microscope using accelerating voltage of 300 kV. TEM (nanoscale)
elemental maps were measured using Aztec software.

Results and discussion
Thermal decomposition studies

Thermal decomposition studies were carried at 10–600 1C; heating
rate 10 1Cmin�1 under nitrogen. All compounds show rapid single
step decomposition between 250–350 1C (Fig. 1). The residual mass
of [Fe(S2CNEt2)3] complex found to be about 18% which close to
the calculated percentage of FeS (17.5%). The [Bu2Sn(S2CNEt2)2]
complex decomposed slightly faster than the other complexes
and the residual mass found to be B34% which agrees with
the calculated residual mass of SnS2. [Zn(S2CNEt2)2] and
[Zn(Se2CNEt2)2] resulted with B9–10% residue which found
to be half or less than half of the mass of the expected metal
chalcogenides; ZnS (27%) and ZnSe (20%). TGA of [Cu(PPh3)-
(Ph2P(Se)NP(Se)Ph2)] showed single step decomposition between
250 to 320 1C with residue B10% which was lesser than the
expected residual mass of CuSe (16%).

X-ray diffraction studies

The deposition of CZFTS materials at 300 1C gave very thin dark
green films which did not diffract whereas black adherent films
were deposited at 350 1C. The p-XRD pattern (Fig. 2) of these films
was corresponding to the Zn-rich phase of Cu2Fe0.3Zn0.7Sn1S4
(ICDD 04-015-0225) with the tetragonal space group I%42m with
lattice parameters a = 5.42(2) Å and c = 10.86(4) Å. Rietveld
refinement carried out on the p-XRD patterns of the deposited
material using this Zn-rich standard space group showed very
good fit with a Rietveld parameter Rwp = 2.85, space group I%42m

Fig. 1 TGA of [Cu(S2CNEt2)2] (1), [Fe(S2CNEt2)3] (2), [Zn(S2CNEt2)2] (3),

[nBu2Sn(S2CNEt2)2] (4), [Zn(Se2CNEt2)2] (5) and [Cu(PPh3)(Ph2P(Se)NP(Se)Ph2)]

(6) complexes.

Journal of Materials Chemistry C Paper

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/C5TC00867K


5736 | J. Mater. Chem. C, 2015, 3, 5733--5741 This journal is©The Royal Society of Chemistry 2015

with lattice parameters a = 5.411(4) Å and c = 10.862(3) Å
(Fig. 3(a)). The main d-spacing for the planes were 3.13 Å
(112), 1.91 Å (204), 1.91 Å (220), 1.63 Å (116) and 1.63 Å (312)
respectively. The resultant d-spacing were well matched with
the reported d-spacing for the corresponding planes at 3.13 Å
(112), 1.91 Å (204), 1.91 Å (220), 1.63 Å (116) and 1.63 Å (312)
respectively (ICDD: 04-015-0225) for Cu2Fe0.3Zn0.7Sn1S4. The
doublet planes were not well resolved possibly due to broad-
ening of the peaks due to the small size of the particles
compared to the bulk materials, but the material is very close
to cubic. The details of calculated d-spacings and 2y values are
shown in Table S1 in the ESI.† The lattice parameters also
estimated calculated from the principal peaks in the p-XRD
patterns to a cubic cell giving a = 5.412(8) Å in good agreement
with the values obtained from the Rietveld refinement
(Table 1). This approach was also used for all films some of
which did not give good fits in the Rietveld analysis.

CZFTS films deposited at 350 1C using a higher ratio of the
Fe precursor (CZFTS C2 in Table 1) were very dark and uniform.
The p-XRD pattern of as deposited films (Fig. 3(b)) corresponds
to the Fe-rich phase of Cu2Fe0.7Zn0.3Sn1S4 (ICDD: 01-015-0228).
No additional phase or impurities were found in the p-XRD and
showed good match to the stick patterns can be seen in Fig. 2.
Rietveld refinement of the resultant p-XRD patterns analysed
with the observed Fe-rich phase showed very good match with
Rwp = 2.43 as shown in Fig. 3(b). The standard material possesses
an I%42m space group with space group number 12 and a = 5.43(2) Å
and c = 10.79(4) Å and the refined space group was found to be
I%42m with lattice parameters a = 5.42 Å and c = 10.83 Å. The
resultant d-spacing for the planes and planes were 3.13 Å (112),

Fig. 2 p-XRD patterns of Zn-rich (C1) and Fe-rich (C2) phases of CZFTS,

CZFTSe, CZFTSSe thin films deposited with different [Zn] at 350 1C.

Fig. 3 (a) Rietveld analysis p-XRD patterns of CZFTS thin films deposited at 350 1C using 2 :1 :0.5 :0.5 : 1 of [Cu(S2CNEt2)2] : [Fe(S2CNEt2)3] :

[Zn(S2CNEt2)2] : [
nBu2Sn(S2CNEt2)2] precursors. The peaks fitted using Cu2Fe0.3Zn0.7Sn1S4 (ICDD 04-015-0225) phase. (b) Rietveld analysis of p-XRD patterns of

CZFTS thin films deposited at 350 1C using 2 :1 :0.7 :0.3 : 1 of [Cu(S2CNEt2)2] : [Fe(S2CNEt2)3] : [Zn(S2CNEt2)2] : [
nBu2Sn(S2CNEt2)2] precursors. The peaks fitted using

Fe-rich Cu2Fe0.7Zn0.3Sn1S4 (ICDD: 01-015-0228) phase.
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1.91 Å (220) and 1.63 Å (312) which found to be the same as the
standard d-spacing for the planes i.e. 3.13 Å (112), 1.91 Å (220)
and 1.63 Å (312) respectively (ICDD: 01-015-0228). The details of
calculated d-spacing’s and 2y positions are given in Table S2 in
the ESI.† The lattice parameters a calculated from the principal
peaks in p-XRD patterns were 5.415 (2) (see Table S1, ESI†).

The deposition of Cu(ZnFe)SnSe4 at 300 1C gave only amorphous
material which did not show any diffraction by p-XRD whereas
uniform dark brownish films were obtained at 350 1C. The p-XRD
pattern of the thin films deposited at 350 1C are shown in Fig. 2,
peaks show clear shifts from Zn-rich Cu2ZnFeSnS4 (ICDD: 00-
83-0225) and Fe-rich Cu2ZnFeSnS4 (ICDD: 01-015-0228) phase
as expected. The p-XRD pattern found to be broader because of
the small particle size of individual crystallites and overlapping
of peaks especially about 2y : 47 to 481 and around 2y : 55–56.
The calculated lattice parameters from the p-XRD patterns was
a = 5.429(7) Å (Table 1).

A similar deposition with more Fe precursor concentration
at 350 1C gave thin brown films. The p-XRD patterns were
analysed by comparing with the Zn-rich Cu2ZnFeSnS4 (ICDD:
00-83-0225) an Fe-rich Cu2ZnFeSnS4 (ICDD: 01-015-0228) phases
(Fig. 2), it had been observed that the p-XRD patterns were shifted
significantly from the reference patterns. The p-XRD patterns were
further analysed using Cu2FeSnSe4 patterns (JCPDS: 00-027-0167)
but none of the peaks no matching peaks were seen. The
calculated lattice parameters from the p-XRD patterns was
a = 5.492(7) Å (Table 1).

The deposition of Cu2(ZnFe)Sn(SxSe1�x)4 using a mixture of
precursors as described in the experimental part gave only a
negligible amount of deposits at 300 1C whereas good quality
black specular films were deposited at 350 1C. The p-XRD
pattern of these films showed a clear shifts from those of the
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Fig. 4 Correlation between mole fraction of each metal (x) in the feed

and observed amount in the film by EDX.
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Fe-rich and Zn-rich phases of CZFTS indicating the formation
of Cu2(ZnyFe1�y)Sn(SxSe1�x)4 as shown in Fig. 2. The calculated
lattice parameter a = 5.477(5) Å (Table 1). Another deposition
with more Fe precursors at 350 1C produced thin black films.
The p-XRD pattern was compared with Fe-rich (ICDD: 01-015-
0228) and Zn-rich (ICDD 04-015-0225) CZFTS patterns. The peaks
showed larger shift from both reference patterns (Fig. 2). The
lattice parameter a calculated from the p-XRD patterns was
5.429(8) Å (see Table 1).

SEM, EDX and TEM studies

Elemental analysis of the films confirmed that the metal
content of all films correlated well with mole fraction of metal
in the feed shown in Fig. 4. It is clear from the figure shows that
a correlation between the mole fraction of Se in the precursor

mixture and mole fraction of Se in the deposited thin films.
From the graph it shows a linear correlation between the mole
fraction of Se in the precursor and in the deposited thin films.

The SEM images of all deposited films showed different
morphologies with B1 mm thickness over the entire area of the
substrate (Fig. 5). Zn-rich phase of CZFTS thin films deposited
at 350 1C showed irregular flakes, less than 1 micron thickness.
Elemental map confirmed of these films the uniform distribution
of elements through the entire film (Fig. 6(a)). EDX confirmed the
p-XRD results by showing the deposition of the Zn-rich films: Cu
(28.42%), Zn (8.84%), Fe (3.97%), Sn (15.23%), S (43.54%) corres-
ponding to Cu2.2Fe0.3Zn0.7Sn1.2S3.4. SEM images of the CZFTS thin
films deposited from higher concentration of iron precursor
showed uniform flakes with an even distribution (Fig. 5(b)).
EDX results revealed the composition as (Cu (25.92%) Zn
(4.52%) Fe (9.5%) Sn (17.52%) S (45.54%)) giving an empirical
formula of Cu1.9Fe0.7Zn0.3Sn1.3S3.2 confirming the deposition of
Fe-rich films. Elemental map of the films showed uniform
composition of deposited material with constituent elements
are shown in Fig. 6(b).

The SEM images of C(ZF)TSe thin films deposited at 350 1C
showed irregular crystallites with size ca. 1 mm as shown in
Fig. 5(c). EDX analysis results showed atomic percentage of Cu
(28.55%), Zn (10.72%), Fe (3.55%), Sn (14.50%) and Se (42.65%)

Fig. 5 (a) and (b) are the SEM images, Zn-rich (CZFTS C1) and Fe-rich (CZFTS

C2) phases of CZFTS films (c) and (d) are the SEM images, Zn-rich (CZFTSe C1)

and Fe-rich (CZFTSe C2) phases of CZFTSe. (e) and (f) are the SEM images,

Zn-rich (CZFTSSe C1) and Fe-rich (CSFTSSe C2) phases of CZFTSSe films depo-

sited at 350 1C. (g) and (h) are the cross sectional images of films (a) and (b).

Fig. 6 Elemental map images for (a) (CZFTS C1) and (b) Zn-rich and

Fe-rich (CZFTS C2) phases of CZFTS films deposited at 350 1C.
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which gave a stoichiometric composition as Cu2.0Zn0.7Fe0.3Sn1.0Se3.1;
a Zn-rich phase.

SEM images with Fe-rich phases of C(ZF)TSe showed irregularly
shaped crystallites (Fig. 5(d)). EDX analysis showed atomic percen-
tage of Cu (26.13%), Zn (4.10%), Fe (11.21%), Sn (13.60%)
and Se (44.13%) which gives a stoichiometric composition of
Cu1.8Zn0.3Fe0.7Sn0.9Se3.0 corresponding to Fe-rich phase.

The SEM images of Cu2(ZnFe)Sn(SxSe1�x)4 thin films depos-
ited at 350 1C showed morphology based on irregular plate like
crystallites as shown in Fig. 5(e). The EDX analysis showed
Cu (25.63%) Zn (8.74%) Fe (6.46%) Sn (12.46%) S(28.74%) and
Se (17.94%) corresponding to Cu1.7Fe0.4Zn0.6Sn0.8S1.9Se1.2, the
Zn-rich and S-rich stoichiometry.

The (ZnFe)Sn(SxSe1�x)4 films deposited with higher concen-
tration of Fe at 350 1C on EDX analysis showed Cu (26.87%) Zn
(5.13%) Fe (7.92%) Sn (11.15%) S (26.24%) and Se (22.85%)
corresponding to Cu2.1Fe0.6Zn0.4Sn0.8S2.1Se1.7 which showed a
Fe and S-rich stoichiometry. SEM images showed irregular plate
like crystallites (Fig. 5(f)). The elemental map showed uniform
composition throughout the material (ESI,† Fig. S1 and S2).

The Fe-rich CZFTS thin films (CZFTS C1) and Zn-rich (CZFTS C2)
phases were further studied using TEM. The films were removed by
scratching and ground, and dispersed in toluene for TEM analysis.
The TEM images (Fig. 7) showed flaky irregular crystallites with size
ranging from 10 to 30 nm. Selected area elemental map results
further revealed the Zn-rich and Fe-rich phases in the nm scale. The
d-spacing obtained from lattice fringes and diffraction patterns were
in good agreement with the standard patterns for the Zn-rich and
Fe-rich phases.

Raman spectra and UV-visible spectra

The Raman spectra of films deposited with different [Fe] : [Zn]
ratios of CZFTS, CZFTSe and CZFTSSe are shown in Fig. 8. Raman
spectra showed peaks at B340 cm�1 and 350 cm�1 for CZFTS
Fe-rich and Zn-rich phases. The Zn-rich CZFTS showed a higher
Raman mode than the Fe-rich material as reported previously.2,7

Tauc plots drawn by plotting (ahn)2 against hn of films deposited
with different [Fe] : [Zn] ratios of CZFTS, CZFTSe and CZFTSSe are
shown in ESI† Fig. S3 which clearly show the variation in
bandgaps (ESI,† Table S3 and Table 1).

Raman spectra for the CZFTSSe films showed peaks at B198,
228 andB340 cm�1. All these peaks are shifted from Raman peaks
for CFTSe (209, 270 cm�1) or CFTS (321, 284, 218 cm�1) phases as
expected.7,8,26–28 Band gap measurements of CZFTS for Zn-rich
composition showed 1.72 eV whereas those with Fe-rich composi-
tion gave a band gap of 1.67 eV, which are close to those reported
previously.2,7 Raman spectra obtained for the Fe-rich CZFTSe films
showed a broad peak with low intensity at 230 cm�1. The Zn-rich
CZFTSe Raman shifts were observed at B235 cm�1 which lies
between the end materials CZTSe and CFTSe phases with their
corresponding Raman modes at 209 cm�1 and 270 cm�1

respectively.27

Fig. 7 (a) and (b) shows the TEM images and elemental map of CZFTS thin

films deposited using 2 : 0.5 : 0.5 : 1 molar ratio of Cu, Fe, Fe and Sn

precursors at 350 1C (CZFTS C1). (c) and (d) shows the TEM and elemental

maps of CZFTS thin films deposited with 2 : 0.7 : 0.3 : 1 molar ratio of Cu, Fe,

Zn and Sn precursor mixture at 350 1C (CZFTS C2). Inserts images in (a) and

(c) shows the d-spacing of the particles.

Fig. 8 Raman spectra of Zn-rich and Fe-rich (C2CZFTS (CZFTS C1 and

CZFTS C2), CZFTSe (CZFTSe C1 and CZFTSe C2) and CZFTSSe (CZFTSSe

C1 and CZFTSSe C2) thin films deposited at 350 1C using different

precursor mixtures.
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Here also the Zn-rich phases showed slightly higher Raman
mode as observed in CZFTS.2,7 The calculated band gaps were
1.48 and 1.47 eV for Zn-rich and Fe-rich CZFTSe thin films
respectively which are in the range of CZTS, CZTSe, CZTSSe and
CFTSe.27–29 UV/Vis Tauc plots drawn by ploting (ahn)2 against
hn gave a band gap values of B1.64 and 1.61 eV for Zn-rich and
Fe-rich CZFTSSe thin films, which were closer to that of the
Kesterite CZFTS phases.2,6–8,14–20

Electrical sheet resistance

Variation in the electrical sheet resistance with different
Fe-compositions has been studied. The electrical resistance
measured at room temperature were 2.48 KO sq�1 for Fe-rich
thin films and 2.42 KO sq�1 for Zn-rich films of CZFTS values
which lie between the electrical sheet resistance for parent
materials CZTS (2.8 KO sq�1) and CFTS (2.3 KO sq�1).9,28–31 The
Fe-rich films showed comparatively lower resistance than
the Zn-rich ones. The sheet resistance of the Zn-rich CZFTSe
films and Fe-rich phases were observed as 2.10 KO sq�1 for and
2.07 KO sq�1 respectively, both values were lower than those for
CZFTS (2.48 KO sq�1 and 2.42 KO sq�1) as expected.

The resistance value for end materials were as CZTSe
(2.12 KO sq�1) and CFTSe (2.04 KO sq�1). These resistance
measurements for CZFTSSe materials were found to be 2.31 and
2.29 KO sq�1 for Zn-rich and Fe-rich films respectively. Both
values are lower than those of CZFTS Fe-rich (2.48 KO sq�1)
and Zn-rich phases (2.42 KO sq�1) but higher than the CZFTSe

Zn-rich (2.10 KO sq�1) and Fe-rich (2.07 KO sq�1) phases32,33

(ESI,† Fig. S4).
Vegard-type analysis were carried out using the measured

band gap and sheet resistance values and is shown in Fig. 9.
There is a reasonable linear correlation between the Se/S mole
fraction in all samples and these properties for all the films.

Conclusions

Thin films of CZFTS, CZFTSe and CZFTSSe have been deposited
by AACVD. The ratios of the constituents: Zn, Fe, S and Se can
be controlled by varying the concentrations of corresponding
precursors and the deposition temperature. The band gaps of
these materials lie between 1.0 eV and 1.7 eV on changing the
[Zn] : [Fe] and [S] : [Se] ratios in the material. These band gaps
are ideal for absorber material in thin film solar cells. The sheet
resistance of the materials are good for polycrystalline CZTS
PV-cells. The structural parameters for the films do not show
any consistent variation with composition, and given the wide
range of differing radii of the ions involved this observation
is perhaps not surprising. There is a distinct irregular trend
following the mole fraction of selenium (Table 1). The band gap
and resistance of each film is overwhelmingly controlled by the
selenium content as shown in Fig. 8. Dhurba and Kim have
demonstrated the potential of such materials for solar cells.7

We now present a viable CVD method for their deposition. The
potential for the use of these materials in devices will be
investigated in the future.
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Table S1: Rietveld analysis results of CZFTS thin films deposited at 350 °C using the molar ratio 

2:1:0.5:0.5:1  of  [Cu(S2CNEt2)2] : [Fe(S2CNEt2)3] : [Zn(S2CNEt2)2]: [nBu2Sn(S2CNEt2)2] 
precursors in 20 ml THF. Fitted against Zn-rich Cu2Fe0.3Zn0.7SnS4 phase (ICDD 04-015-0225) 
with resultant lattice parameters a = 5.41 (2) Å and c = 10.86 (4) Å.   Rwp = 2.85. 

 
 h k l m d 2 
1 1 1 0 4 3.82760 23.21996 
2 1 1 2 8 3.12848 28.50799 
3 0 1 3 8 3.00914 29.66405 
4 0 0 4 2 2.71503 32.96427 
5 0 2 0 4 2.70652 33.07088 
6 0 2 2 8 2.42230 37.08435 
7 2 1 1 16 2.36280 38.05370 
8 1 1 4 8 2.21449 40.71109 
9 0 1 5 8 2.01580 44.93145 
10 2 1 3 16 2.01231 45.01365 
11 2 0 4 8 1.91680 47.38986 
12 2 2 0 4 1.91380 47.46874 
13 0 0 6 2 1.81002 50.37407 
14 2 2 2 8 1.80497 50.52475 
15 0 3 1 8 1.77995 51.28628 
16 3 1 0 8 1.71175 53.48805 
17 1 1 6 8 1.63629 56.16724 
18 3 1 2 16 1.63256 56.30699 
19 2 1 5 16 1.61667 56.91050 
20 0 3 3 8 1.61487 56.97981 
21 2 2 4 8 1.56424 59.00238 
22 0 2 6 8 1.50457 61.59058 
23 0 1 7 8 1.49140 62.19477 
24 3 2 1 16 1.48716 62.39162 
25 3 1 4 16 1.44799 64.27829 
26 0 3 5 8 1.38792 67.42177 
27 3 2 3 16 1.38678 67.48466 
28 0 0 8 2 1.35751 69.14278 
29 0 4 0 4 1.35326 69.39124 
30 2 2 6 8 1.31504 71.71373 
31 0 4 2 8 1.31310 71.83605 
32 2 1 7 16 1.30621 72.27411 
33 4 1 1 16 1.30337 72.45698 
34 1 1 8 8 1.27943 74.03570 
35 3 3 0 4 1.27587 74.27724 
36 3 1 6 16 1.24368 76.54020 
37 3 3 2 8 1.24204 76.65964 



38 3 2 5 16 1.23500 77.17695 
39 4 1 3 16 1.23420 77.23652 
40 0 2 8 8 1.21343 78.81156 
41 0 4 4 8 1.21115 78.98916 
42 4 2 0 8 1.21039 79.04833 
43 4 2 2 16 1.18140 81.38853 
44 0 1 9 8 1.17777 81.69240 
45 0 3 7 8 1.17638 81.80980 

 

Table S2: Rietveld analysis results of CZFTS thin films deposited at 350 °C using the molar ratio 

2 : 1 : 0.7 : 0.3 : 1 of [Cu(S2CNEt2)2] : [Fe(S2CNEt2)3] : [Zn(S2CNEt2)2]: [nBu2Sn(S2CNEt2)2] 
precursors in 20 ml THF. Fitted against Fe–rich phase of Cu2Fe0.7Zn0.3SnS4 (ICDD: 01-015- 
0228) with resultant lattice parameters a = 5.42Å, c =  10.83Å and  Rwp = 2.43. 

 
 h k l m d 2θ 

 
1 1 1 2 8 3.12702 28.52165 
2 0 1 3 8 3.00404 29.71556 
3 0 2 0 4 2.70833 33.04818 
4 0 0 4 2 2.70757 33.05762 
5 0 2 2 8 2.42227 37.08490 
6 2 1 1 16 2.36399 38.03374 
7 1 1 4 8 2.21093 40.77952 
8 2 1 3 16 2.01152 45.03220 
9 0 1 5 8 2.01121 45.03948 
10 2 2 0 4 1.91508 47.43512 
11 0 2 4 8 1.91481 47.44212 
12 2 2 2 8 1.80550 50.50914 
13 0 0 6 2 1.80505 50.52248 
14 0 3 1 8 1.78097 51.25464 
15 3 1 0 8 1.71290 53.44952 
16 3 1 2 16 1.63314 56.28506 
17 1 1 6 8 1.63281 56.29744 
18 0 3 3 8 1.61484 56.98070 
19 2 1 5 16 1.61468 56.98684 
20 2 2 4 8 1.56351 59.03282 
21 0 2 6 8 1.50202 61.70654 
22 3 2 1 16 1.48806 62.34978 
23 0 1 7 8 1.48769 62.36722 
24 3 1 4 16 1.44755 64.30038 
25 3 2 3 16 1.38701 67.47207 
26 0 3 5 8 1.38690 67.47764 
27 0 4 0 4 1.35416 69.33832 
28 0 0 8 2 1.35379 69.36033 
29 0 4 2 8 1.31371 71.79729 
30 2 2 6 8 1.31354 71.80814 
31 4 1 1 16 1.30417 72.40511 
32 2 1 7 16 1.30392 72.42131 
33 3 3 0 4 1.27672 74.21935 
34 1 1 8 8 1.27640 74.24075 
35 3 3 2 8 1.24265 76.61543 
36 3 1 6 16 1.24250 76.62601 
37 4 1 3 16 1.23453 77.21189 
38 3 2 5 16 1.23446 77.21717 
39 4 2 0 8 1.21120 78.98526 
40 0 4 4 8 1.21113 78.99051 
41 0 2 8 8 1.21093 79.00624 
42 4 2 2 16 1.18199 81.33876 



 
 

Figure S1: Elemental map of CZFTSSe thin film obtained at 350 o C. 
 

 

 

Figure S2: Elemental map/ EDX result of CZFTSSe thin film obtained at 350 °C. 



          Table S3: Band gap measurement from Tauc Plots. 
 

 
Material 

 
% Fe (y) 

 
Intercept (a) 

 
Slope (b) 

 
BG 

(eV) 
R2 

Cu2(ZnyFe1-y)SnSe4 
 

3 
 

2.66E-04 
 

1.80E-04 
 

1.48 
 

8.994 

Cu2(ZnyFe1-y)SnSe4 
 

7 
 

4.25E-05 
 

2.89E-05 
 

1.47 
 

7.885 

Cu2(ZnyFe1- 
y)Sn(SxSe1-x)4 

 
4 

 
4.79E-05 

 
2.98E-05 

 
1.61 

 
9.192 

Cu2(ZnyFe1- 
y)Sn(SxSe1-x)4 

 
6 

 
7.17E-05 

 
4.37E-05 

 
1.64 

 
9.822 

Cu2(ZnyFe1-y)SnS4, 
 

3 
 

2.49E-04 
 

1.49E-04 
 

1.67 
 

8.792 

Cu2(ZnyFe1-y)SnS4, 
 

7 
 

7.60E-04 
 

4.42E-04 
 

1.72 
 

9.324 
 

 
 

Figure S3: UV- Vis Tauc plots of CZFTSe (1,2), CZFTSSe (3, 4) and CZFTS (5, 6), thin films 

deposited at 350 C using different Zn and Fe precursor composition, y represent mole fraction of Zn. 



 
 

 

Figure S4 : Variation of electrical resistance with stoichiometric ratio of Fe for CZFTS, CZFTSe and 

CZFTSSe thin films deposited at 350 C. 



79 

 

CHAPTER - X : PAPER - 7 

 

 

 

 

“Morphology and band gap controlled AACVD of CdSe 

and CdSxSe1−x thin films using novel single source 

precursors: Bis(diethyldithio /diselenocarbamato) 

cadmium(II)” 

 

 

Punarja  Kevin, Yousef  G. Alghamdi, David J. Lewis,  Mohammad 

Azad  Malik, Materials Science in Semiconductor Processing, 

2015, 40, 848–854 

 

 

 

 

 

 

 

 

http://www.sciencedirect.com/science/journal/13698001
http://dx.doi.org/10.1016/j.mssp.2015.07.076
http://dx.doi.org/10.1016/j.mssp.2015.07.076


Morphology and band gap controlled AACVD of CdSe and CdSxSe1�x

thin films using novel single source precursors: Bis
(diethyldithio/diselenocarbamato)cadmium(II)

Punarja Kevin a, Yousef G. Alghamdi b, David J. Lewis a, Mohammad Azad Malik a,c,n

a School of Materials, The University of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom
b Department of Chemistry, Faculty of Science & Art-Rabigh, King Abdulaziz University, Jeddah, Saudi Arabia
c Department of Chemistry, University of Zululand, Private Bag X1001, Kwa-Dlangezwa 3886, South Africa

a r t i c l e i n f o

Article history:

Received 10 June 2015

Received in revised form

23 July 2015

Accepted 24 July 2015

Keywords:

Bis(diethyldiselenocarbamato)cadmium(II)

CdSe

CdSSe

AACVD

SEM

a b s t r a c t

Cadmium selenide (CdSe) and cadmium sulfoselenide (CdSxSe1�x) are important semiconductor mate-

rials for photovoltaic and other optoelectronic applications. Highly crystalline thin films of CdSe and CdSx
Se1�x have been deposited on glass substrates by Aerosol Assisted Chemical Vapour Deposition (AACVD)

from bis(diethyldiselenocarbamato)cadmium(II) and a 1:1 and 2:1 mixtures of bis(diethyldiseleno-

carbamato)cadmium(II) and bis(diethyldithiocarbamato)cadmium(II). Films were characterised by

p-XRD, SEM, EDX, Raman spectroscopy, photoluminescence (PL) and UV–vis absorbance spectroscopy.

CdSe thin films showed a band gap of 1.73–1.75 eV whereas CdSxSe1�x films at 1.90–2.00 eV depending

on the sulphur content in the films. PL emission and UV–vis absorbance spectra showed a clear blue shift

for CdSxSe1�x films compared with CdSe. The band gap of CdSSe can be tuned by controlling the sulphur

to selenium ratio in the alloy. The texture of the CdSe thin films changed considerably from randomly

orientated to perfect rhombohedral crystallites by increasing the concentration of the precursors in the

feed solution.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

CdSe is a semiconductor with a significant band gap of 1.7 eV

[1,2] and finds applications in solid-state solar cells and photo-

conductors [3] photoanodes in photoelectrochemical (PEC) cells

[4], field effect transistors and transducers [5]. Hexagonal phases

of CdSe possess higher absorbance coefficients and good stability

compared with other phases [6]. Ternary cadmium sulphoselenide

(CdSxSe1�x) nanostructures and films are attractive as the band

gap can be tuned from 1.72 to 2.42 eV which covers the entire

visible spectra depending on the sulphur mole fraction in the alloy

(x) [7,8]. CdS/CdSe and CdSSe materials have found applications in

nano lasers [9], colour-tunable photoluminescence [10], and in

tuneable magneto-optical emission [7,11].

A number of reports have appeared concerning single-source

precursors for the deposition of II–VI materials [12]. Arnold and

co-workers deposited a range of chalcogenides [13,14] from

M[ESi(SiMe)3]2 (M¼Zn, Cd, Hg; E¼S, Se or Te) as precursors. A

series of metal complexes with the general formula [M(R2PSe2)n]

(M¼Zn, Cd, Pb, In, Ga, Cu, Bi, Ni; R¼ iPr, Ph) have been synthesised

and used for the growth of metal selenide thin films by CVD

[15,16]. Other metal complexes with the general formula

[(M(E2CNR2)2] (symmetrical) or [M(E2CNRR′)2] (unsymmetrical)

(R, R′¼alkyl, E¼S, Se; M¼Zn, Cd) are precursors that have been

used for the deposition of II–VI thin films [17–27]. Bis(n-hexy

(methyl)dithio/selenocarbamato)cadmium/zinc proved to be the

best of the unsymmetrical derivatives for the growth of chalo-

genides [18–22]. Mixed alkyl/dithio- or diseleno-carbamato com-

plexes [M(E2CNRR′)2] Where R¼Me, Et, But or Me3CCH2, M¼Zn or

Cd; E¼S or Se; R′¼Me or Et have been used to deposit cadmium

or zinc selenide thin films [23]. Imino-bis(dialkylphos-phinesele-

nide) complexes [M[(EPiPr2)2N]2] (M¼Cd, Zn; E¼S, Se) and

[M[(SePPh2)2N]2] (M¼Cd, Zn) complexes have been used as pre-

cursors for zinc/cadmium selenide films by LP-MOCVD [24,28] at

temperatures between 400 and 500 °C. The mixed alkyl complex

[MeCd[(SePiPr2)2N]]2 was prepared from the comproportionation

reaction of Me2Cd and [Cd[(SePiPr2)2N]2] in anhydrous toluene

[29]. The [NH(SePiPr2)2] ligand is more thermally stable than bulky

selenolate ligands, such as [SeSi(SiMe3)3]
� , and thermolysis of its

complexes produces cleaner products with reduced contamination
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caused by undesirable ligand degradation reactions. Other meth-

ods used to deposit CdSe thin films include vacuum evaporation

and co-evoparation [30] molecular beam deposition [31], laser

ablation [32], electrochemical deposition [33–35], spray pyrolysis

[36–38], and chemical bath deposition [3,38–44]. A convenient

and controllable hydrothermal synthetic method based on a re-

action in an aqueous system to produce CdSe nanostructures of

different sizes and shapes was reported [44]. Recently CdSe na-

noparticles were prepared through a cetyltrimethyl ammonium

bromide (CTAB) assisted hydrothermal using cadmium salt and

SeCl4 as precursors and hydrazine hydrate (N2H4 �H2O) as re-

ductant. The varying the amount of cadmium salt, reaction time,

temperature, surfactant and molar ratio of Cd:Se:CTAB, the nano-

particles with diameters less than 20 nm were synthesised [45].

Nano crystals and thin films of of CdSSe materials have been

prepared by sintering [45] and physical vapour transport with

varying S mole fractions using CdS or CdSe powder as source [7].

Mane et al. investigated hexagonal CdSe and CdSSe thin films

deposited by chemical bath deposition (CBD) using a Cd salt,

thiourea and sodium seleno phosphinates solution mixtures [46].

CdS0.5Se0.5 films obtained by electrochemical deposition on in-

dium tin oxide (ITO) showed highest photoelectrochemical con-

version efficiency [47]. Bhushan et al. reported the PC growth and

decay, and PL emission spectral studies of chemically deposited

films of CdSSe with the effect of variations in the composition,

doping of flux and impurity and annealing on the films [48].

To the best of our knowledge CdSe or CdSSe thin films have

never been deposited by AACVD method from diselenocarbamato

complexes of cadmium. Herein we report the deposition of highly

crystalline hexagonal CdSe thin films from bis(diethyldiseleno-

carbamato)cadmium(II) complex and CdSSe composite from a

mixture of bis(diethyldiselenocarbamato)cadmium(II) and bis

(diethyldithiocarbamato)cadmium(II) complexes and their de-

tailed optical and structural characterisation.

2. Experimental

2.1. Synthesis of precursors

Bis(diethyldiselnocarbamato)cadmium(II) [Cd(Se2CNEt2)2] and

bis(diethyldithiocarbamato)-cadmium(II) [Cd(S2CNEt2)2] com-

plexes were synthesised as described in literature [17].

2.2. Deposition of thin films

For the deposition of CdSe thin films 7 and 14 mmol of

[Cd(Se2CNEt2)2] precursor was dissolved in 15 ml tetrahydrofuran

(THF). Depositions were carried out at temperatures of 250 and

300 °C. For the deposition of CdSSe thin films, [Cd(Se2CNEt2)2] and

[Cd(S2CNEt2)2] precursors were mixed in 1:1 (7 mmol:7 mmol)

and 2:1 (14 mmol:7 mmol) molar ratios and dissolved in 15 ml

THF. Depositions were carried out 300 °C.

Glass slides (1 cm�3 cm) were used as substrates for the de-

position of thin films. Substrates were thoroughly cleaned and

sonicated in acetone for 30 min to remove any possible con-

tamination. Deposition of thin films was carried out by using a

homemade AACVD kit. In a typical deposition experiment, pre-

cursor complex (or a suitable combination of precursors) was

dissolved in 15 ml THF taken in a two-necked 100 mL round-

bottom flask. The flask was then connected with an argon gas inlet

which passed through the solution and carried the aerosols gen-

erated by a PIFCO ultrasonic humidifier to the reactor tube con-

nected to other neck of the flask and placed in a Carbolite furnace.

Argon flow rate was controlled at 160 sccm through a Platon flow

gauge. Carrier gas transferred the aerosol generated in the flask to

the hot zone of the reactor. Thermolysis of the precursor at the hot

substrate surface leads to deposition onto substrates. Synthesis of

complexes and deposition of thin films are schematically re-

presented in Scheme 1.

Scheme 1. Schematic diagram for synthesis of precursors and deposition of CdSe and CdSxSe1�x thin films.
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2.3. Characterisatiion of thin films

The p-XRD patterns were recorded on a Bruker D8 AXE dif-

fractometer (Cu-Kα) and scanned from 2θ¼20 to 80° with a step

size of 0.05°. Morphology and microstructure of thin films were

investigated by using a Philips XL 30 FEG scanning electron mi-

croscope and film composition was studied by energy dispersive

X-ray (EDX) spectroscopy using a DX4 instrument. Raman spectra

were recorded using a Renishaw 1000 Micro Raman system. UV–

vis absorbance spectroscopy was carried out using a Perkin Elmer

Lambda 1050 spectrophotometer. PL emission spectra were mea-

sured using HORIBA Fluorolog FL3 iHR with an excitation wave-

length of 400 nm.

3. Results and discussion

Bis(diethyldithio/diselenocarbamato)cadmium(II) complexes

can easily be synthesised by a single step reaction and are stable at

room temperature. Both complexes are soluble in most organic

solvents. Both precursors decompose in the same temperature

range (vide infra) making them suitable to be used as a mixture in

different ratios to control the sulphur or selenium concentration in

the composite material. The effect of precursor concentration and

deposition temperature on the stoichiometric composition and

morphology of the CdSe and CdSSe thin films were studied.

3.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of [Cd(Se2CNEt2)2] and

[Cd(S2CNEt2)2] precursors were studied in the temperature range

10–600 °C under nitrogen. The weight loss curves showed major

single step decompositions between 250 and 350 °C with major

weight loss of 68.26% and 64.50% respectively. The final residual

value of [Cd(Se2CNEt2)2] found to be 31.74% which is closer to the

calculated weight percentage of CdSe in the precursor (32%) and

the final residual mass of [Cd(S2CNEt2)2] found to be 35.5% close to

that of CdS weight percentage (35%). Hence these materials were

deemed to be highly suitable for depositing CdSe, CdS, and CdSSe

thin films by AACVD within a temperature range of 250–350 °C

(Fig. 1).

3.2. Powder X-ray diffraction of CdSe thin films

CdSe thin film depositions were carried out at 250 and 300 °C

using 7 and 14 mmol of [Cd(Se2CNEt2)2] in 15 ml THF. Negligible

deposition occurred at 250 °C using both concentrations. Thin

black adherent films were obtained at 300 °C at both concentra-

tions. Fig. 2(a) shows the powder X-ray diffraction (p-XRD) dif-

fraction patterns of CdSe films obtained at 300 °C using 7 mmol

concentration of the precursor. Reflections corresponding to the

(hkl) planes were observed at 2θ: 23.90° (100), 25.35° (002), 27.08°

(101), 35.10° (102), 41.96° (110), 45.79° (103), 48.84° (200), 49.67°

(112), 50.67° (201), 55.84° (202) and 79.41° (213) were matched

with the hexagonal CdSe ICDD: 00-008-0459 (space group

P63mc). Fig. 2(b) shows the p-XRD pattern of the films deposited

at 300 °C using an increased concentration (14 mmol) of the pre-

cursor. Peaks were well matched with the hexagonal CdSe (ICDD:

00-008-0459) The intensity of peaks at the 2θ: 23.90° (100),

25.35° (002) and at 27.08° (101) indicated preferred orientation in

these planes.

3.3. Scanning electron microscopy

Secondary electron SEM images of the films obtained at 300 °C

using two different concentrations are shown in Fig. 3. The films

deposited from lower concentration (7 mmol/15 ml THF) of the

precursor showed the formation of crystallites with sizes of ca.

200 nm, which were found to be thinly dispersed all over the

substrate (Fig. 3(a) and (b)). Films deposited from higher con-

centrations of the precursor (14 mmol/15 ml THF) showed the

growth of perfect rhombohedral crystallites with size ca. 1 mm

(Fig. 3(c)–(f)). Secondary electron SEM images at higher magnifi-

cations showed the crystallites forming floret like structures (Fig. 3

(f)). Quantitative EDX spectroscopy of the films showed the Cd:Se

ratio to be 43.8:56.2 and 54.3:45.7 (Table 1) for the films deposited

using 7 mM and 14 mM concentration of precursor solutions. We
Fig. 1. (a) and (b) Thermogravimetric analysis of complexes [Cd(Se2CNEt2)2] and

[Cd(S2CNEt2)2] under N2.

Fig. 2. p-XRD patterns of CdSe films deposited at 300 °C with input 7 mmol (a) and

14 mmol (b) precursors in 15 ml THF. The patterns are indexed with respect to

hexagonal phase of CdSe (ICDD: 00-008-0459).
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have yet to understand as to why Se rich films are deposited at

lower concentration of precursor and cadmium rich at higher

concentration of precursor.

3.4. Raman spectroscopy

Raman spectra of CdSe thin films at 7 and 14 mmol precursor

concentration with an excitation wavelength of 514.5 nm showed

a strong peak at 210 cm�1 which is attributed to the optical

phonon at 210 cm�1 (LO) and an overtone at 420 cm�1 (2LO) as

reported previously [48,49] (Fig. 4(a)).

3.5. UV–vis absorbance and photoluminescence (PL) emission

spectroscopies

UV–vis absorption spectra of films were measured and the

band gap calculated by extrapolation the Tauc plots drawn using

(ahѵ)2 against hѵ (where a¼absorbance coefficient, h¼Plank's

constant and ν¼c/λ, λ¼wavelength in nm and c¼velocity of light)

displayed band gaps of 1.73 and 1.75 eV (Fig. 4(b) inset) which

agree with the reported [1,2,49] values for the CdSe (Fig. 4 inset).

Photoluminescence (PL) emission spectra of CdSe thin films

Fig. 3. SEM images of films deposited at 300 °C using different precursor ([Cd(Se2CNEt2)2]) concentrations: (a), (b) 7 mmol; (c)–(d) 14 mmol (inset in image (c) is at

25,000�magnification).

Table 1

EDX elemental analysis results of films obtained at 300 °C.

Precursor feed (mmol) Line Cd (at%) Se (at%)

7 Kα 43.8 54.2

14 Lα- 56.2 45.7

Fig. 4. (a) Raman spectra and (b) PL emission spectra of CdSe thin films obtained at 300 °C using 7 mmol (black) and 14 mmol (red) precursor concentrations. Spectra are

corrected for instrument response. Inset: Tauc plots ((ahѵ)2 vs hѵ ) for CdSe thin films. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

P. Kevin et al. / Materials Science in Semiconductor Processing 40 (2015) 848–854 851



deposited at 300 °C using 7 and 14 mmol concentration exhibited

broad absorption and emission peaks at λmax 765 nm (Fig. 4(b)),

with little fine structure. The emission maxima was found be

slightly higher for the CdSe thin films deposited from higher

concentration of precursor than those from lower concentration of

precursor.

3.6. AACVD of CdSSe

3.6.1. X-ray diffraction of CdSSe thin films

The p-XRD patterns obtained for CdSSe films deposited at

300 °C using 1:1 and 2:1 ratio of [Cd(Se2CNEt2)2] and

[Cd(S2CNEt2)2] precursor mixtures are shown in Fig. 5(a) and

(b) respectively.

For films obtained from the mixture of 1:1 ratio of precursor

mixture gave reflections corresponding the (hkl) planes at 2θ:

24.29° (100), 25.89° (002), 27.69° (101), 35.00° (102), 42.88° (110),

46.89° (103), 49.93° (200), 50.79° (112), 51.78° (201) whereas the

p-XRD pattern of the films deposited using 2:1 precursor mixture

showed less intense peaks (Fig. 5(b)) indicating perhaps the re-

duced thickness of the deposited material. Both p-XRD patterns

matched with the hexagonal CdSSe (CdS0.42Se0.58) with space

group P63mc 186 (ICDD: 00-050-0720).

3.6.2. Scanning electron microscopy

SEM images of the films deposited from both mixtures (1:1 and

2:1) of the precursor are shown in Fig. 5(c) and (d) respectively.

SEM images of the films deposited from 1:1 mixture of the pre-

cursors [Cd(Se2CNEt2)2] and [Cd(S2CNEt2)2] (Fig. 6(a)) showed the

formation of small sharp edged randomly shaped crystallites with

size range of ca. 500–1000 nm. EDX spectra of these films gave the

elemental ratios as Cd (47.7%), Se (41.9%) and S (10.5%) which

correspond to stoichiometric formula Cd0.92S0.2Se0.8. EDX ele-

mental mapping showed the uniform distribution of elements

throughout the entire film (Fig. 6(b)–(d)), consistent with the

formation of the alloy.

The films deposited from 1:2 mixture of [Cd(Se2CNEt2)2] and

[Cd(S2CNEt2)2] showed random shaped crystallites (Fig. 6(e)) of

varying sizes (100 nm to 2 μm). The texture appears to be less

crystalline as compared to those deposited from 1:1 mixture. EDX

analysis on these films of Cd(SxSe1-x) showed Cd (46.70%), Se

(31.84%) and S (21.46%) which gave the stoichiometry as

Cd0.9S0.4Se0.6. Elemental mapping images of the films obtained

from 1:1 mixture are given in Fig. 6(f)-(h) The mapping shows the

uniform distribution of all elements (Cd, S, Se) over the entire area

of the films.

3.6.3. Raman spectroscopy of CdSSe thin films

Raman spectra showed peaks at �195 and �400 cm�1 which

Fig. 5. p-XRD patterns for the CdSSe thin films deposited with (a) 1:1 and (b) 2:

1 precursor mixtures at 300 °C. Peaks are indexed with respect to hexagonal CdSSe

(ICDD: 00-050-0720) ratio of [Cd(Se2CNEt2)2] and [Cd(S2CNEt2)2] precursor mix-

tures sat 300 °C. Peaks marked with * sign are minor unidentified impurities.

Fig. 6. (a) and (e) are the SEM images of CdSSe thin films deposited at 300 °C using 1:1 and 2:1 mmol of [Cd(Se2CNEt2)2] and [Cd(S2CNEt2)2] precursor mixtures respectively.

(b)–(d) and (f)–(h) are the elemental maps of CdSSe the thin films. Scale bar shows ca. 5 μm.
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were shifted from the actual CdSe Raman LO and overtones at 212

and 410 cm�1 as reported previously [48,49] (Fig. 7(a)). There

were some minor peaks at 260 and 310 cm�1 which were corre-

sponding to CdS phases (for CdS first-order longitudinal optical

phonon (LO) modes at 305 cm�1 and a low-frequency wing at

295 cm�1[18,48–50].

3.6.4. UV/vis and photoluminescence

Fig. 7(b) shows the PL emission spectrum obtained for

CdS0.4Se0.6 thin films. Broad peaks were observed at λmax 758 and

726 nm. For CdS0.2Se0.8 the PL emission peaks were observed at

λmax 763 nm and 728 nm respectively. Owing to the similar ex-

citonic nature of the edge emissions in both CdS and CdSe. The

broadening of this excitonic peak can be attributed to the localised

exci-tonic states with a broad distribution of energies [48] in alloys

like CdSSe along with other effects like exciton-lattice coupling

and scattering. The second peak observed ∼720 nm shifts towards

higher wavelength (∼728) with increasing mol% of Se). This

emission can be associated with the donor–acceptor transitions. In

CdS type materials, the in-corporation of cations (Cd) produce

shallow donor levels like S vacancies (with ionisation energies

∼0.03 eV) where as that of anions (S or Se) introduce deep ac-

ceptor levels (Cd vacancies with ionisation energy typically ∼1.1 eV

for sulphides and ∼0.6 eV for selenides) for the charge compen-

sation of the system [48]. It can be seen that as the S content in-

creased the emission maximum shifted towards lower wave

length region which agreed with the previous literature reports

[18,46–51]. The band gaps of both films were estimated by Tauc

plotsof (ahν)2 vs hν (Fig. 7(c)), extrapolating the linear region of

the curve. The measurements confirmed that the band gap in-

creases as the sulphur content in the CdSSe material increases, i.e.

a blue shift in the absorption edge consistent with PL emission

spectra (vide supra). The band gap increased from 1.75 eV (CdSe)

with no S content (x¼0) to 1.90 and 2.00 eV as the S content in

films increased from x¼0.2 to x¼0.4 (CdS0.2Se0.8 and CdS0.4Se0.6)

[48–50].

4. Conclusions

CdSe and CdSSe thin films were deposited from diethyldisele-

no-/dithiocarbamto-cadmium(II) complexes at 300 °C. The crys-

tallite size of the CdSe deposited by using high concentration of

precursor (14 mmol/15 ml THF) were found to be bigger than

those obtained at lower concentrations (7 mmol/15 ml THF). The

morphology of the grains changed from clusters of spherical par-

ticles to perfect rhombohedral crystallites. The band gap of CdSe

decreased slightly from 1.75 to 1.73 eV as the crystallite size in-

creased as expected. Thin films of CdSxSe1�x were deposited by

using a combination of selenium and sulphur precursors in two

different ratios. The band gaps of the films increased from 1.90 to

2.00 eV by increasing the sulphur content in the alloy. The mor-

phology of the films changed from randomly shaped crystallites of

different sizes to irregular lumps by increasing the amount of se-

lenium precursor. PL showed a clear blue shift in the emission

maximum by increasing the sulphur content in the CdSSe films.
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The deposition of Cu2ZnSnS(1-x)Sex thin films with tunable 

band gaps  

Punarja Kevin,a  Gary Harrison,b Paul O’Brien*a,b  

ABSTRACT: Thin films of CZTSSe with band gaps ranging from 1.0 to 1.6 eV have been deposited using a 
molecular-precursor approach in  Aerosol Assisted Chemical Vapor Deposition (AACVD). The [S]:[Se] ratio 
has been varied and plays a key role in controlling the structure, morphology, electrical and optical properties 
of the deposited films. A Vegard-type analysis on the collected results showed a direct correlation between the 
concentration of selenium in the precursor mixture and key performance parameters of the deposited films. 

Introduction 

The family of materials described by the formula Cu2ZnSn(S1-

xSex)4 (CZTSSe) are potentially leading candidates as absorbers 
for PV-solar cells.1 The materials are relatively cheap, 
environmentally benign, of low toxicity and based on earth 
abundant elements; they have band gaps ranging from 1.0 to 1.5 
eV and absorption co-efficient between 104 and 105cm-1.2-3 A 
power conversion efficiency of ~12 % has been reported for 
CZTSSe based solar modules prepared by a hydrazine based 
solution processes followed by spin coating.4,5 Such materials 
offer a promising alternative to those containing gallium, 
indium or cadmium.4,5   

Several routes have been used to the deposition of Cu2ZnSn(S1-

xSex)4 thin films including vacuum based methods including: 
thermal co-evaporation of the constituent elements,6 
sputtering,7 melt growth,8 and other techniques sol-gel,9 electro 
deposition,10 pulsed laser deposition11 and microwave 
irradiation.12 There are many reports describing the synthesis of 
Cu2ZnSn(S1-xSex)4 nanoparticles and their subsequent use as  
nano-inks for thin film solar cells. However, owing to 
complexity of the Cu2ZnSn(S1-xSex)4, these methods often lead 
to the formation of binary phases and precise stoichiometric 
control of the composition of the  material is still a challenge. 
Routes to CZTSSe and related materials have been reviewed.12 

 

A wide range of materials have been prepared by AACVD over the 
last two decades. One main advantage of AACVD is that it does not 
require volatile precursors; the complex should be soluble in an 

appropriate solvent and is atomised. It is also potentially useful in 
depositing thin films with uniform composition that can be used in 
many applications. These materials include SnS,13 CZTS,14 
CuInSe2,

15 CuGaSe2,
15 CuIn0.7Ga0.3Se,15 MoS2,

16 inorganic–organic 
perovskites (CH3NH3)PbBr3,

17
 SnSe and Cu2SnSe3,

18 FeSe,19 and  

BiVO4.
19 Very recently Carmalt et al. reviewed the importance of 

AACVD route which also highlighted it as an efficient technique in 
scaling up of hybrid perovskite film towards industrial deployment.20

 

  
The deposition of CZTSSe is quite challenging and the [S]:[Se] 
ratio plays a crucial role in determining the properties of the 
material. There are no reports in the literature on the deposition 
of this material by Aerosol Assisted (AA) CVD. We have 
previously used a series of molecular complexes to deposit the 
binary and ternary materials.21 We now report the deposition of 
Cu2ZnSnS(1-x)Sex by AACVD using a mixture of dithio-/diselen-
carbamato complexes of Zn, Sn and Cu and the acetylacetonato 
or acetates of Cu or Sn. Different precursor ratios are used to 
control the stoichiometry of the alloy. 
 
Experimental Section 

Synthesis of metal-organic precursors 

The metal-diethyldithioithiocarbamato complexes: 
[Cu(SCNEt)2] (1), [Zn(S2CNEt)2] (2) and [Bu2Sn(S2CNEt)2] 
(3), were prepared by the metathesis of [Na(SCNEt2)] with  

Cu(NO3)2, Zn(NO)3 or Bu2SnCl2 respectively in methanol 
(Scheme 1).22-29 The metal-selenocarbamato complex 
[Zn(Se2CNEt)2] (4), was prepared as described in literature 
(Scheme 1).30 The metal-acetylacetonato complexes 
[Cu(acac)2] (5) and metal acetate [Sn(OAc)4] (6) were 
purchased from Sigma Aldrich and used as purchased. 
Deposition of thin film 

The thin films were deposited using AACVD. Glass slides (1 cm x 2 
cm) were used as substrates for the deposition of thin films.
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Scheme 1: Synthetic scheme for metal-organic complexes  

Substrates were thoroughly cleaned and sonicated in acetone for 
30 minutes before deposition. In a typical deposition experiment, 
the precursor complex (or a suitable combination of complexes) 
was dissolved in 20 mL THF and taken into a two-necked 100 mL 
round-bottom flask. The round-bottom flask was held in a water 
bath above the piezoelectric modulator of a PIFCO ultrasonic 
humidifier (model 1077). The aerosol droplets of the compounds 
thus generated were transferred into the hot-walled zone of the 
reactor by the carrier gas (Ar). The argon flow rate was controlled 
at 200 sccm by a Platon flow gauge. The solution was atomized 
and thin films were deposited at temperatures between 350 and 
400 C.  

Depositions were carried out by using mixtures of  
[Cu(S2CNEt)2], [Bu2Sn(S2CNEt)2], [Zn(Se2CNEt)2] and 
[Zn(S2CNEt)2] (Experiment 1-6) in different ratios (Table1) 
[Cu(acac)2] (3.7 mmol), [Sn(OAc)4] (1.8 mmol) and  
[Zn(Se2CNEt)2] (1.8 mmol) (Experiment 7) all were from 20 
mL of solution THF (Scheme. 2 and Table. 1). 
 

Methods Used For the Characterization of Films 

The p-XRD patterns were recorded on a Bruker D8 AXE 
diffractometer using Cu-Kα radiations. Rietveld analysis was 
carried out using the Topaz software package with the X’pert 
High Score Plus. The samples were mounted flat and scanned 
between 10 and 120 ̊ in a step size of 0.02 with a varying count 
rate depending upon the sample quality. The morphology and 
microstructure of thin films were investigated by using a Philips 
XL 30 FEGSEM and film composition was studied by EDX 
analysis using a DX4 instrument at 20 KV with WD 10 mm. 
Raman spectra measurements taken using a Renishaw 1000 
Micro Raman system with an excitation wavelength of 520 
nm, the measurement range set from 100 to 700 cm-1. UV-VIS 
measurement carried with a Perkin Elmer Lambda 1050 
spectrophotometer (PSI) and scanned across the range from 
250–1000 nm.  Electrical resistance measured were carried out 
using a Jandel four probe conductivity meters at room 
temperature using 1 A current. XPS analysis was carried out 
by using a Kratos Axis Ultra in the School of Materials in the 
University of Manchester.  
 

Results and Discussion 

Thermogravimetric Analysis 

Thermogravimetric analysis showed that all compounds 
undergo decomposition in the range 250-400 C which 

makes them suitable for the deposition of CZTSSe thin films. 
Similar complexes were used in the deposition of CZTS thin 
films by AACVD.22-29 

Optimization of Deposition Conditions 

Initially the CZTS thin films were deposited using a 2:1:1 ratio of 
the [Cu], [Zn] and [Sn] precursors at 350 , 380 , 400 ̊and 450 C̊ to 
find the optimum deposition temperature. The films deposited at 
all temperatures were thick black and adherent. Consolidated 
EDX measurements for the films are shown in the supplementary 
information Table S1. As the deposition temperature is increased 
the amount of Sn in the film decreases whereas the Zn 
composition increased and gave a [Cu]:[Zn]:[Sn]:[S] = 
1.96:1.00:1.15:3.54 results at 400 ̊C. The p-XRD patterns of the 
films deposited at these temperatures are shown in 
supplementary information Figure S1.  
 
Based on these results the temperature for the rest of the 
experiments was set to 400 ̊C with a deposition time of 50 
min and an Ar flow 200 sccm. Figure (1) shows p-XRD 
patterns of the thin films deposited at 400 ̊C using different 
ratios of precursor see Table 1 and Scheme 2. 

Scheme 2: Deposition of CZTSSe thin films by the AACVD 
method using mixture of precursors. 
 
Effect of Precursor Composition on the Stoichiometry 

and Morphology of CZTSSe Thin Films 

The p-XRD patterns of the films deposited at 40) ̊C using 
precursor mixture in experiment 1 correspond to the kesterite 
CZTS (ICDD: 26-0575) (F-43m space group, a = 5.431 Å) (See 
Figure1). Rietveld analysis of the p-XRD patterns gave a 
good match with the F-43m space group of CZTS (Figure 
S2(a)), Rwp = 4.58, a = 5.431(1) Å with the d(112) peak at 2θ = 
28.45. Details of 2θ and d-spacing values are shown in 
supplementary information Table S2. The p-XRD patterns for 
the films deposited from experiments 2 and 3 were analysed using 
the standard p-XRD patterns of CZTS (ICDD: 26-0575) and 
CZTSe (ICDD: 52-0868). The 2 position of d(112) planes of 
the films at 28.25 ̊and 28.15̊ were very close to those of the 

http://www.kratos.com/


 

 

 

Figure 1: p-XRD patterns of CZTS(1-x)Sex films  with x = 0 to 1 at 400 ̊C (left). Stick patterns (black) shows standard patterns for CZTSe 
(ICDD: 52-0868) and stick patterns on top are the standard peaks of CZTS (ICDD: 26-0575). The region for the d(112) plane reflection 
(25- 30º) is expanded in the right hand diagram. 
 
CZTS d(112) planes from the reference patterns (28.45).The p-
XRD patterns of the films deposited from experiment 2 on 
Rietveld refinement, did not give a good fit with any known 
phases of CZTS and CZTSe and the calculated lattice constant 
was a = 5.489 Å for these films. Films deposited from 
experiment 3 gave The refined lattice constant as a = 5.505(0) 
Å with an Rwp = 6.44 (Figure S2(b)). We can see evidences 
of some extra peaks which correspond to ZnS phases. Details 
of 2θ and d-spacing values are shown in supplementary 
information (Table S3). 
 
The precursor mixture used in experiments 4 contained equal 
amounts of the zinc selenium and sulfur complexes with the 
concentration of the others the same as in other experiments 
(Table 1). Deposition from the mixture gave uniform dark 
brown films. The d(112) peak at 27.99̊ from the p-XRD 
patterns showed clear shift from the parent 2θ values.  
 
The Rietveld analysis fitted well with the cubic F-43m space 
group Rwp = 7.2 (Figure S2(c)). The measured lattice parameters 
were a = 5.532(3) Å which found to be in between the F-43m 
space group with a = 5.431 (ICDD: 26-0575) of CZTS and I-42m 
space group with a = 5.690 Å (ICDD: 52-0868) of CZTSe. 
Detailed d-spacing and 2 angles are given in supplementary 
document Table S4. 
 

The 2 values for the d(112) planes for the films from 
experiment 5 and 6 were at 2 values of 27.77̊ and 27.72̊ 
respectively. The p-XRD patterns did not show a good fit for 
the CZTS or CZTSe structures. In experiment 7 no sulfur 
precursor was added, a mixture of [Cu(acac)2], [Sn(OAc)4] and  
[Zn(Se2CNEt)2] was used for the deposition.  The mixture was 
homogenous with good solubility in THF and the thermal 
decomposition temperatures range of these precursors was in line 
with that of the other used. The resultant films were thick and 
black in colour. The p-XRD patterns of these films correspond to 
standard ICDD: 52-0868 for tetragonal Cu2ZnSnSe4 (CZTSe) 
with I-42m space group, a = 5.690 Å. The d(112) peak was at 
2 = 27.59. The p-XRD patterns on Rietveld analysis 
(Figure S2(d)) showed a near perfect match to the I-42m 
space group of CZTSe (ICDD: 52-0868), Rwp = 4.58 and a = 
5.693(3) Å. Details of 2θ values are given in supplementary 
information (Table S5).  
 
Figure 2 shows the SEM images for the films deposited from 
all seven precursor mixtures at 400ºC. The thin films 
deposited by Experiment 1 had an entirely different 
morphology from the others. The crystallites appear spherical 
at lower magnification but at higher magnification they 
appear to be hexagonal crystallites uniformly dispersed over 
the entire area of the substrate with crystallites size ranging 
from 400-500 nm. The SEM images of films deposited from 
mixtures 2 or 3 gave different shapes and sizes of crystallites 
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as compared to those deposited from the other mixtures. 
Mixture 4 gave a thick layer of flakes with rogue edges with 
sizes from 1 to 2 µm. This morphology significantly changed 
for mixture 5 which gave a network of plate like crystallites 
with sizes from 1 to 1.5µm whereas the films deposited from 
mixture 6 gave evenly distributed irregular crystallites with 
similar size range. The morphology of the films deposited 
from mixture 7 showed clusters of irregular crystallites with 
sizes in the range of 300-400 nm evenly spread on the entire 
area of the substrate.  
 

 
Figure 2: (a) - (f) SEM images of CZTS(1-x)Sex  thin films 
deposited  at 400 C for x values ranging from 0 to 1 from 
experiments 1 to 7. 
 
All these results showed good control of Se stoichiometry as 
compared to electrochemically deposited CZTSSe films.31 The 
absence of binary phases eg. ZnSe or Cu2-xSe seems to be 
promising as compared to the work of Fan et al.31-33 which used a 
very high substrate temperature and insufficient Se-supply. The 
method works at lower temperature as compared to some methods 
reported previously.31-39  

EDX elemental map gave uniform composition of elements 
throughout the films from experiment 4 (Figure 3). The 
results are in good agreement with those for CZTSSe powders 
with a Cu-poor and Zn-rich composition of 
Cu1.9Zn1.25Sn(S0.4Se0.6)4.5 deposited by printing and high pressure 
sintering processes at  600 °C temperature.32 The component 
elements are shown in different colours. EDX analysis of all films 
deposited at various combinations and composition of mixtures 
are shown in Table 1 It is clear from the analysis that the ratio of 
[S]:[Se] can be controlled by changing the ratio of 
[Zn(Se2CNEt)2] and [Zn(S2CNEt)2] in the precursor mixture. 
 

 
Figure 3: Elemental maps of CZTS(1-x)Sex thin films deposited 
at 400 C with Se precursor concentration (0.5) and Se EDX 
percentage x = 0.5, from experiment 4. Scale bar ca 2 m. 
 
X-ray Photoelectron Spectroscopy (XPS) measurement 

Films deposited from experiment 4 were analysed by XPS to find 
the valence state of each metal (Figure 4). The valence state of Cu 
and Sn were Cu (I) and Sn (IV) respectively based on their peak 
splitting values. The value of Cu 2p1/2 and Cu 2p3/2 were at 945 
and 928 eV respectively. The Binding Energies (BE) for S3d3/2 

and Sn 3d5/2 were found to be 493 and 483 eV respectively. The 
BE value 1016 eV showed Zn 2p3/2 in Zn2+ state. The BE of 2p 
peaks for S was lying in the range of 170 to 178 eV which 
corresponds to the sulphide states. Selenium peaks appeared at  
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Table 1: Molar concentrations of precursors used in each experiment, stoichiometric composition by EDX analysis, space group 
and calculated lattice parameters of the CZTS(1- x)Sex films deposited  400 °C. 

 

 
 

Figure 4: High resolution XPS analysis of CZTS(1-x)Sex thin films 
deposited at 400 C, x = 0.5 from experiment 4.  
 
160 eV also between 50-56 eV for selenide states. The XPS depth 
profiling results presented by Wu et al. matched well with values of 
BE and valence state from this study.32,33 The BE  values also agree 
well with the reported values for Cu, Sn, Sn, S and Se in their 

 
respective valence states of Cu(I), Sn (IV), Zn (II),S (II) and Se (II)  
respectively.32,33  
 

Raman spectroscopic studies 

Raman spectra of all the films are given in Figure 5. The films 
deposited from mixture 1 showed a single peak at 196 cm-1 
which correspond to the A1 Raman mode for CZTSe confirming 
the p-XRD and EDX analysis. Raman spectra of the films 
deposited from mixture 2 to 4 gave two distinct Raman peaks 
around 196 and 338 cm-1 which corresponds to the Se and S 
stretches, the A1 Raman modes for CZTSe (196 cm-1) and 
CZTS (340 cm-1) respectively.20,21,38,39 These results are similar to 
the results presented by He et al. 38 The Raman spectra of CZTSSe 
thin films with intermediate values (i.e. x = 0.23, 0.48, and 0.69) 
exhibit a two mode behavior (CZTSe- like A1 mode and CZTS-like 
A1 mode). Furthermore, with increasing the S content in CZTSSe 
films, the CZTSe-like and CZTS-like A1 modes shift approximately 
linearly towards the high frequency direction. 
 

Raman spectrum of films deposited from mixtures 5 and 6 gave 
a major peak at 338 cm-1and a low intensity peak at 295 cm-1 in 
the Raman spectra obtained for the CZTS films (x = 0). The 
Raman spectra results agree with the p-XRD and EDX analysis 
results. The positions of Raman shifts around 196 and 338 cm-1 
give a good indication of the ratio of Se to S in the material 
(Figure 6). The relationship of the peak shifts with the mole 
fraction of S or Se is shown in Figure 6. It is clear from the 
figure that as the content of S increases in the material the A1 

peak move towards higher wave number ultimately 
corresponding to that of the CZTS Raman mode. Similarly the 

Exp No  

Millimolar concentration of Precursors Stoichiometric Composition of deposited thin films 
Lattice parameters    
 (p-XRD) 

(1) (2) (3) (4) (5) (6) % Se Cu Zn Sn S1-x Sex 

 
 
Stoichiometric formula Space group a (Å) 

 

1 3.70 1.80 1.80 - - - 0 26.0 13.2 15.20 45.6 0 Cu2.0Zn1.0Sn1.1S3.5 F-43m 5.431(1) 

2 3.70 1.45 1.80 1.45 - - 0.20 24.3 13.6 15.9 32.9 13 Cu1.8Zn1.0Sn1.2S2.4Se0.95 F-43m 5.489(9) 

3 3.70 0.55 1.80 1.25 - - 0.35 22.4 13.1 17.9 33.0 13.7 Cu1.7Zn1.0Sn1.4S2.5Se1.1 F-43m 5.505(0) 

4 3.70 0.90 1.80 0.90 - - 0.50 22.8 12.0 9.60 28.1 27.1 Cu1.9Zn1.0Sn0.9S2.3Se2.2 F-43m 5.532(3) 

5 3.70 1.17 1.80 0.63 - - 0.70 27.5 12.7 14.3 18.3 27.5 Cu2.2Zn1.0Sn1.1S1.5Se2.5 F-43m 5.590(9) 

6 3.70 1.40 1.80 0.40 - - 0.80 21.8 13.4 12.6 12.0 34.5 Cu1.7Zn1.0Sn1.0S0.9Se2.7 I 42m 5.621(2) 

7 - - - 1.80 3.70 1.80 1 22.4 14.4 10.7 0 52.4 Cu1.9Zn1.2Sn0.9Se4.3 I 42m 5.693(3) 
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decrease in the sulfur content in the material moves the Raman 
peak for selenium towards that of the pure CZTSe.  

 
Figure 5: Raman spectra, of CZTS(1-x)Sex  thin  films with x 
value ranging from 0 to 1 deposited at 400 C from experiments 
1 to 7. 
 
Optical and electrical measurements 

The band gaps of the films deposited from mixtures 1 to 5 at 
400 ̊C are detailed in the supplementary information (Figure 
S3). The band gap can be tuned from 0.96 to 1.6 eV by 
changing the S to Se ratios in the material and increases with 
decreasing the selenium content. The band gap of the films 
deposited from mixture 4 was found to be exactly midway 
(1.3 eV) between those reported for CZTS (~1.6 eV)3,38 and 

CZTSe (1.0 eV).39 The results are promising in terms of the 
use of such films in PV-cells, as the band gap can be  tuned to 
get absorption across the visible and near IR (Supplementary 
information Figure S3 table S6). The change in band gap is as 
expected for the replacement of sulfur by selenium as 
demonstrated previously for the CIGS and CIGSe.2,3,34 

The room temperature sheet resistance of films (1 cm x 2 cm and 
thickness 1-2 m) were measured using a four probe conductivity 
meter. The sheet resistance of the films decreases with increase in 
selenium content (supplementary information Figure S4)). The 
highest (11.3 k/sq) and lowest (9.3 k/sq) observed values of 
resistance of the deposited CZTSSe films are close to the reported 
values for CZTSSe films (6.93 k/sq at 450 C).35 These values   are 

in good agreement with those reported for thin films of the end 
materials CZTS and CZTSe.32-38 

Vegard-type Analysis 

All the measured parameters are plotted on a single Vegard-type plot 
(Figure 6) against the mole fraction of selenium in the precursor 
mixture for CZTSSe the thin films deposited at 400 C. The 
measured parameters including: p-XRD (d(112)), lattice parameters 
a and c (from Rietveld), EDX (elemental analysis for Se), band gap, 
selenium-mode (A1 mode from the Raman spectra) and electrical 
resistance. 

 

Figure 6: Overall Vegard-type analysis using all measured data 
for the CZTS(1-x)Sex  thin  films deposited at 400 C from 
experiments 1 to 7.  
 
A linear correlation holds between all these values and mole fraction 
of selenium in the precursor mixture (Table S7 in supplementary 
information).  These results further confirm that the composition 
of Se in the mixture can be controlled by changing the Se 
complex in the precursor mixture. 
 
Conclusion 

AACVD process relies on the solubility of the compounds, rather 
than their volatility and thus vastly extends the range of potentially 
useful precursors. CZTSSe thin films have been deposited by 
AACVD with different stoichiometric ratios using a mixture of 
a dithio-and diseleno-carbamato complexes.  
 
The band gaps of these materials can be tuned from 0.96 to 1.6 eV 
by changing the sulfur to selenium ratios of the material and 
increases as the selenium content decreases, the sheet resistance 
of the films decreases with increasing selenium content. The highest 
(11.3 k/sq) and lowest (9.3 k/sq) resistance were observed for 



 

 

CZTS and CZTSe respectively which correlate well with the 
reported values for these materials.32-38  
 
The kesteritic phases show promise for photovoltaic systems.39 One 
issue with such materials is their compositional complexity as 
compared to the more widely investigated and studied binary 
CdS/CdTe40 or ternary CIGS based polycrystalline cells.2 This issue 
has been addressed recently using a combinatorial approach with 
graded alloy films of metals prepared by Saucedo et al.41 followed 
by selenizationation to form over 200 devices. In this way the impact 
of composition on performance was studied in a wide range of 
system, optimum metal ratios were found to be at Cu/Sn 1.6 -1.5 and 
Cu/Zn < 1.7. It was concluded that copper rich phases performed 
less well an observation that is consistent with work on CIGSe 
systems.42   A related study of the composition of CZTS has also 
been reported.14,43  Aydil et at.44 investigated the Cu/Sn ratios in 
CZTS films and found out that this ratio is self- regulating and 
approaches 2, regardless of the initial composition of complexes 
materials used for depositing the films provided that there is an 
excess of tin compound used in the sulfidation process. The present 
paper demonstrates that CVD is able to provide good compositional 
control by changing the precursor ratios in the solution. The control 
of composition in CZTSSe system to optimise the performance 
should be possible.  
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Synthesis of Nanoparticulate Alloys of the Composition
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ABSTRACT: Nanoparticles of the semiconductor
Cu2Zn1−xFexSnS4 with different mole fractions of iron
(xFe) were synthesized by the decomposition of molecular
precursors in oleylamine. The composition, structure,
optical, and magnetic properties of the nanoparticles are
reported. The parent (Cu2ZnSnS4) zinc material is usually
reported as kesteritic and the corresponding iron phase as
stannitic; with different site occupancies and tetragon-
alities. In the small ca. 8−10 nm particles prepared, the
smooth variation in lattice parameters and other measured
properties suggest that the phase change, with composi-
tion, may be absent. SQUID magnetometry suggests that
the iron containing samples are ferromagnetic at 5 K and
paramagnetic at 300 K.

P hotovoltaic cells based on stannitic phases such as
Cu2FeSnS4 (CFTS) have demonstrated power conversion

efficiency (PCE) of 8.03%1 and devices prepared from
Cu2ZnSnS4 (CZTS) nanoparticles annealed in Se atmosphere
gave a PCE 7.2%.2 Hydrazine processed (Cu2ZnSn(S1−xSex)4)
CZTSSe solar cells have demonstrated PCEs of up to 12.6%.2 It
has hence been shown that the efficiency of CZTS solar cells can
be improved by addition of iron.3,4 The ionic radius of Zn2+ and
Fe2+ are 0.64 and 0.66 Å,5 and Fe shows good solubility in the
CZTS lattice; hence, Zn/Fe alloying is effective and allows ready
access to solid state materials of the type Cu2ZnxFe1−xSnS4 (0 > x
> 1 CZFTS). As the Fe content in Cu2ZnxFe1−xSnS4 increases, a
structural transition from kesterite to stannite is usually seen.6,7

At higher zinc content the electronic band gap increases because
of the exchange and redistribution of electrons due to lower
electronegativity of Zn (1.65) than Fe (1.83).6 The band gap
energies of post-sulfurized CZFTS films can be tuned from
∼1.51 to 1.36 eV depending on Zn content (x = 0, 1 to 0).8 The
lattice parameters calculated for the CZFTS alloys show only
small changes with composition as the radius of Zn(II) ion is very
similar to that of Fe(II).9

CZFTS thin films have been deposited by spray pyrolysis
followed by sulfurization8 and pulsed laser deposition.10 The
magnetic properties,11,12 Mössbauer spectra,13 structural,14,15

and vibrational characteristics16 of CZFTS kesterite-stannite
systems have been reported. A number of reports have appeared
using molecular precursors for the preparation of nanoparticles
or thin films of semiconductor materials.17 We have recently
reported the deposition of thin films of CZFTS by aerosol
assisted chemical vapor deposition (AACVD).18 Herein, we
report the colloidal synthesis of Cu2Zn1−xFexSnS4 nanoparticles

using discrete molecular precursors. These materials are
composed of comparatively cheap, abundant, and environ-
mentally benign elements. The band gap can be tuned across the
visible range, which makes them potentially useful in a variety of
electronic, optoelectronic, and magneto electronic applications
including solar energy harvesting. The magnetic properties are of
interest as there are only a few studies8,10,11,13,19 of such
compounds especially in nanodispersed form.
The precursors used for the synthesis of CZFTS nanoparticles

were [Cu(S2CNEt2)2], [Zn(S2CNEt2)2], [Fe(S2CNEt2)3], and
[nBu2Sn(S2CNEt2)2]. These metal−organic complexes were
prepared by literature methods.18,19 Initial screening experiments
led to the selection of 220 °C and 1 h in oleylamine as good
conditions for the reproducible preparation of nanocrystals
(Supporting Information, Figure S1). The CZFTS samples were
analyzed by energy dispersive X-ray (EDX) spectroscopy. An
excellent correlation between the composition of the isolated
materials and the mole fraction of the metal element (as a
fraction of total metal in the solution) used for synthesis was
observed. These results are summarized in Supporting
Information (and Figure 1a, Table S1). The materials were
analyzed by powder X-ray diffraction (p-XRD, Figure 1b). Figure
S2 shows that selected d-spacings vary smoothly with the iron
content of the material. The kesteritic to stannite transition has
been discussed across the composition xFe = 0−1. The XRD
analysis of CZFTS by Bonazzi15 and the later neutron diffraction
study by Schorr6 are particularly useful in casting light on the
complexity of the system.
Both of these reports give broadly similar lattice parameters for

the two systems as a function of xFe and show a critical change in
the ordering of the atoms and a phase change at xFe = 0.3. The
neutron diffraction study suggests a slightly modified occupancy
pattern for the zinc rich, kesteritic end of the series member
involving disordering across all the metal sites except that of tin.
The p-XRD patterns recorded in this study show only a limited
number of peaks; such observations are common for small
particles. However, phase identification is possible in such
nanoparticles, and both CZTS and CFTS in a hexagonal form
have been identified by crystallography.20 Alivisatos et al. have
demonstrated changes in the preferred form of CdTe nano-
crystals with size.21

A least-squares method was used to index the peaks observed
in the powder diffraction patterns by reference to standard
patterns. The results of these calculations suggest that the
tetragonality of the system is small and that the lattice parameter
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a is similar to those of Bonazzi15 and Schorr,6 at low values of xFe.
The monotonic decrease of a with increasing iron suggests that
no phase change occurs in these small particles (Figure 1c). We
have tested this model by indexing only the subset of data
corresponding to the peaks we observed in the Bonazzi data
sets.15 Lattice constants a and c derived from this limited
literature set are fully consistent with the results previously
published and are overplotted in Figure 1c. In an interesting
paper7 Walsh et al. have shown that the a-values calculated by
DFT for a kesteritic phase should decrease monotonically as the
mole fraction of iron in the sample increases.22 The d-spacings
from the present samples change linearly with composition as is
shown in Supporting Information Figure S2.
The morphologies and crystallinity of the CZFTS nano-

particles synthesized were investigated by high resolution
transmission electron microscopy (HRTEM). The CZFTS
nanoparticles were based on rhombohedra, whereas those of
CFTS were oblate spheroids. A smooth transition was observed
from one morphology to the other via hexagonal crystals at x =
0.5. All nanoparticles observed by TEM had a maximum length
dimension in the range of ca. 9± 2 nm (Figure 2). The HRTEM
images of the synthesized nanocrystals of Cu2Zn1−xFexSnS4 (0≥
xFe ≥ 1) (Figure 2) exhibit clear lattice fringes with measured d-
spacing of 0.313(3), which can be assigned to the (112) lattice
plane of the kesterite form.20−23 These measured d-spacing also
suggest that no phase change was occurring on changing the ratio
of Zn to Fe; in agreement with the p-XRD results.
The analysis by EDX of atomic percentages in

Cu2Zn1−xFexSnS4 nanoparticles showed the stoichiometric
composition follows the amount of Fe in the precursor mixture
a s 26 .4 :11 .4 :0 :12 .9 :49 .3 ; 26 .7 :6 . 9 :3 . 4 : 12 .6 :48 .5 ;
29.8:6 .3:6 .0:13.3:44.6; 29.6:4 .1:8 .0:12.8:45.6; and
26.4:0:12.1:14.2:47.2, which give the stoichiometric formulas:
Cu 2 . 3Zn 1 . 0Fe 0Sn 1 . 1S 4 . 3 , Cu 2 . 7Zn 0 . 7Fe 0 . 3Sn 1 . 1S 4 . 7 ,
Cu2.4Zn0.5Fe0.5Sn1.1S3.6, Cu2.4Zn0.3Fe0.7Sn1.1S3.8, and Cu2.1
Zn0Fe1.0Sn1.2S3.9, respectively (Supporting Information Table
S1, Figure S3). An EDX elemental map showing the spatial
distribution of the elements Cu, Zn, Fe, Sn, and S across a plane

view of a sample of Cu2Zn1−xFexSnS4 (x = 0.5) was recorded
(Supporting Information Figure S4) and demonstrates the
homogeneity of the sample from the colocalization of the EDX
signals for all elements analyzed. The composition of S was found
to decrease with increasing Fe content, which agrees with other
work.8 Oxide phases can coexist with the sulfides that can
compensate the sulfur deficiency in chalcogenide films.8,24 The
elemental analysis showed good control over the stoichiometry
of the nanocrystals synthesized on varying the precursor
composition for Zn and Fe. Figure 1a shows a linear correlation
holds between the mole fractions of metal in feed and in the
material formed.
X-ray photoelectron spectroscopy (XPS) was used to probe

the chemical composition of the CZTS (x = 0), CFTS (x = 1),
and Cu2Zn1−xFexSnS4 (x = 0.5) nanoparticles (Supporting
Information Figures S5 and S6) and revealed the oxidation states
of Cu, Sn, Zn, Fe, and Sn to be Cu1+, Sn4+, Zn2+, Fe2+, and S2−.

Figure 1. (a) Scatter plot showing the linear relationship between the mole fraction of metal in nanoparticles (by EDX) versus the mole fraction of metal
(M) in the precursor mixture. (b) p-XRD patterns of CZFTS nanoparticles synthesized with increasing Fe/Zn ratios (220 °C, 1 h). Green and black
stick patterns at the top and bottom of the panel are the standard patterns of CZTS (ICDD: 04−015−0223) and CFTS (ICDD: 04−015−0231). (c)
Calculated and literature lattice parameters vs xFe for Cu2Zn1−xFexSnS4 nanoparticles.

Figure 2. Bright-field TEM and HRTEM images for (a,b) CZTS (xFe −
0), (c,d) CZFTS (xFe− 0.3), (e,f) CZFTS (xFe− 0.5), (g,h) CZFTS (xFe
− 0.7), and (i,j) CFTS (xFe − 1.0). Inset images show the selected area
electron diffraction patterns of the same crystallites as in the associated
bright field TEM and HRTEM images.
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The corresponding binding energies (BEs) for the Zn 2p3/2, Cu
2p3/2, Cu 2p1/2, Fe 2p, Fe 2p3/2, Fe 2p1/2, Sn 3d5/2, Sn 3d3/2, S
3p3/2, S 2p3/2, S 2p1/2, and S 2p are located at ∼1019, 9232, 953,
711, 710, 725, 482, 492, 156, 160, 170, and 174 eV, respectively.
The as-prepared CZFTS nanocrystals were dispersed in

hexane and filtered to give clear, dark brown suspensions. The
band gaps have been estimated by plotting (Ahν)2 versus hν (A =
absorbance, h = Planck’s constant, and ν = frequency) and
extrapolating the linear portion of the plots in the band edge
region; the method of Tauc.24The photoluminescence spectra of
nanoparticles in the range 500−800 nm were recorded in hexane
solvent after excitation at 400 nm. The values were (bandgap/eV,
PL max/eV ([xFe]/[ xFe] + [ xZn])): 1.93, 1.90 (0), 1.89, 1.82
(0.3), 1.87, 1.77 (0.5), 1.85, 1.74 (0.7), and 1.79. 1.9 (1.0),
respectively (Supporting Information Figure S7a and Table S2).
All PL spectra maxima (Supporting Information Figure S7b) are
Stokes shifted to the red by ca. 0.5 eV as expected; quantum
yields for all samples were of the order of 1%. These band gap
associated measurements are all at higher energy than those
observed for other CZFTS systems, suggesting quantum
confinement.8 A linear correlation was found between the PL
and UV−vis spectroscopic results for the CZFTS nanoparticles
(Supporting Information Figure S8). The band gap of the
materials can hence be tuned across the visible spectrum by
varying the composition of iron content in CZTS.
Typical results for CZFTS band gaps with increasing iron

content include: films deposited by spray pyrolysis 1.51−1.33
eV,8 pulsed laser deposition 1.74−1.33 eV,10 and AACVD with
the same precursors set as in the present work gave 1.72 eV (Zn-
rich) to 1.67 (Fe- rich).18Walsh et al.7 usedDFT calculations and
predicted band gaps of kesteritic CZTS and CFTS as 1.74 and
1.54 eV, respectively; the band gap of stannitic CZTS and CFTS
are calculated as 1.36 and 1.85 eV, respectively.7

Magnetic studies were performed at 5 and 300 K for the Fe-
containing samples. There are no such studies on the
nanodispersed phases of these materials.8,10,11,13,19 At 5 K, all
samples displayed hysteresis, indicating ferromagnetic behav-
ior10,11 with coercive fields increasing from 260.63 Oe (x = 0.3)
to 736.9 Oe (x = 1.0) Cu2Zn1−xFexSnS4, respectively (Figure 3a).
Field-dependent magnetization curves revealed all samples as
paramagnetic at 300 K, with magnetization increasing with Fe
content (Figure 3b) as expected.25,26 The zero-field-cooled
(ZFC) and field-cooled (FC) magnetic measurements con-
firmed that 5 K is below the blocking temperature for all samples
as is shown in Figure 3c.10,11,13 Stannitic CFTS has a Neel
temperature as low as 6−8 K.26,27 The magnetic moments/BM
calculated for the Cu2Zn1−xFexSnS4 nanoparticles ([xFe]/[xFe] +
[xZn]) were 0.020792(0.3), 0.02846347 (0.5), 0.0358049(0.7),
and 0.02502683(1.0), respectively, as compared to Zn1−x FexS (x
= 0.4) (0.00659 μB per Fe atom) and for x = 0.6. (0.00452 μB per
Fe atom).28 Dense nanograined ZnO thin films doped with iron
(0 to 40 atom %) showed ferromagnetic behavior with Js up to
0.10 emu/g (0.025 μB/f.u.ZnO)29 (see also Supporting
Information Figure S9).
Nanoparticles of Cu2Zn1−xFexSnS4 with mole fractions of Fe

(xFe) from 0 to 1 had been prepared. Detailed compositional
studies based on the p-XRD patterns and EDX analysis showed
that the material, in contrast to bulk, maintained a stannite
structure. TEM studies showed slight differences in the
structures and crystallinities of the nanoparticles with changes
in composition of Fe (xFe). The iron containing materials were
ferromagnetic at low temperatures. Such materials may find
applications in magnetoelectronic, optoelectronic, or photo-

voltaic applications. The fabrication of solar cells and devices
using these relatively new nanoparticles are in hand and will be
reported elsewhere.
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xFexSnS4: Structural, Optical and Magnetic Properties 
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Experimental 

 

All synthesis was performed under an inert atmosphere of dry nitrogen using standard Schlenk 
techniques. All reagents were purchased from Sigma-Aldrich and used as received. Solvents were 
dried prior to use. Elemental analysis was performed by the University of Manchester micro- 
analytical laboratory. Mass spectra were recorded on a Kratos concept 1S instrument. Infrared spectra 
were recorded on a single reflectance ATR instrument (4000–400 cm-1, resolution 4 cm-1).   Melting 
points were recorded on the Barloworld SMP10 Melting Point Apparatus. The p-XRD studies were 
performed on a Bruker AXSD8 diffractometer using CuKα radiation. The samples were mounted flat 
and scanned between 20 and 80° in a step size of 0.05 with a varying count rate depending upon the 
sample. For TEM measurements QDs in hexane were deposited on 400 mesh copper Formvar/carbon 
grids and analyzed by a Philips CM 200 STEM operating at 100 kV. TEM images were collected on 
Technai T20 microscope using accelerating voltage of 300 kV. TEM (nanoscale) elemental maps 
were measured using Aztec software transmission electron microscope using an accelerating voltage 
300 kV. UV-VIS measurement carried with a Perkin  Elmer  Lambda  1050  spectrophotometer  
(PSI) and scanned across the range from 250–1000 nm. XPS analysis used a Kratos Axis Ultra in  
the School of Materials in the University of Manchester. Magnetic studies were performed at 5K and 
300K using a using a Quantum Design MPMS-XL superconducting quantum interference device 
(SQUID) equipped with a 7 Tesla magnet. Photoluminescence measured using Horibo Flourilog 
Fluorimeter PSI using an excitation wavelength 500 nm. 

 
 

Synthesis of Metal Organic complexes 
 

The compounds [Cu(S2CNEt2)2], [Fe(S2CNEt2)3], [nBu2Sn(S2CNEt2)2], [Zn(S2CNEt2)2] were 
synthesised and recrystallized as reported in literature,17-19 brief details follow. 

 
[Cu(S2CNEt2)2]: Sodium diethyldithiocarbamate (13 mmol) was dissolved in methanol in a 500 mL 
double necked round-bottom flask. Slow addition of a methanolic solution of Cu(NO3)2 (6.5 mmol) 
gave a black precipitate, which was isolated by filtration. Recrystallization was performed using 

chloroform resulted with dark green shiny crystals. Yieldμ 4.78g (73%), εptμ 201 °C, IR (ν max/cm - 

1): 2979(w), 2868(w), 1501(s), 1434(m), 1270(s), 1205(m) and 1144(m), Elemental analysis: Calc. for 
C10H20N2S4Cu: C, 33.4; H, 5.5; N, 7.7; S, 35.6; Cu, 17.6 %. Found: C, 33.2; H, 5.3; N, 7.3; S,   35.2; 
Cu, 17.2 %. 

 
[Fe(S2CNEt2)3]: Sodium diethyldithiocarbamate (13 mmol) with Fe(NO3)3 (4 mmol ) gave a black 
powder which on recrystallization produced  black shiny crystals. yield 4.81 g (79%), Mpt: 198-201 
°C, IR (νmax/cm-1): 2967(w), 2938(w), 1478(s), 1429(m), 1352(w), 1296(w), 1296(m), 1270(s), 
1050(s) and 950(s), Elemental analysis: Calc. for C15H30N3S6Fe:C, 35.98; H, 6.04 N, 8.39; S, 38.43; 
Fe, 11.15 %. Found: C, 35.7; H, 6.3; N, 8.4; S, 37.82; Fe, 11.0 %. 



S2 
 

 

[Zn(S2CNEt2)2] : The complex was produced by the reaction between zinc acetate (6.5 mmol) and 
Sodium diethyldithiocarbamate (13 mmol) as described above. The crude product was obtained was a 
white powder which on recrystallization from chloroform gave colourless crystals. Yield 4.81 g 

(7λ%),  εptμ  181  °C,  IR  (νmax/cm-1):  2967(w),  2938(w),  1499(s),  1427(m), 1352(w), 1296(w), 
1296(m), 1270(s), 1200(s) and 1143(s), Elemental analysis: Calc. for C10H20N2S4Zn: C, 33.1; H, 5.5; 
N, 7.7; S, 35.4; Zn, 18.1 %. Found: C, 32.7; H, 5.3; N, 7.4; S, 35.0; Zn, 18.0 %. 

 
[Bu2Sn(S2CNEt2)2]: The compound was synthesised by using mixture of di-n-butyltindichloride (6.5 
mmol) and sodium diethyldithiocarbamate (13 mmol). A white powdered product was isolated by 
vacuum filtration and recrystallized from a mixture of ethanol-chloroform, white shiny crystals 

obtained. Yield η.η g, (θ7%), εptμ η7 °C, IR (νmax/cm-1): 2953(w), 2924(w), 1483(s), 1456(m), 
1417(s), 1353(m), 1298(m) 1253(s), 1205(s) and 1138(s), Elemental analysis: Calc. for C18H38N2S4Sn: 
C, 40.8; H, 7.2; N, 5.3; S, 24.2; Sn, 22.4 %. Found: C, 39.9; H, 7.5; N, 5.1; S, 22.8; Sn, 21.4 %. 

 
Synthesis of nanoparticles 

 

The precursor mixture used for the synthesis of CZFTS nanoparticles are [Cu(S2CNEt2)2], 
[Zn(S2CNEt2)2], [Fe(S2CNEt2)3] and [nBu2Sn(S2CNEt2)2] complexes. The precursors have similar 
decomposition temperatures in the range 250-350 °C.18 These compounds are soluble in  oleylamine 
(OLA). For the synthesis of  CZFTS  nanoparticles  the  complexes  [Cu(S2CNEt2)2],  
[Zn(S2CNEt2)2], [Fe(S2CNEt2)3] and [nBu2Sn(S2CNEt2)2] were added in the molar ratios: 
2.0:1.0:0:1.0, 2.0:0.7:0.3:1.0, 2.0:0.5:0.5:1.0, 2.0:0.3:0.7:1.0 and 2.0:0:1.0:1 into 20 mL hot OLA and 
subsequently heated to 220 °C for an hour (supplementary material Table S1). The as synthesized 
nanoparticles were washed with methanol and dispersed in hexane. 

 
CZTS nanoparticles 

 

Synthesis of CZTS nanoparticles were carried out using 2:1:1 precursor mixtures at temperatures 220, 

200 and 180 C. Figure 5 shows the p-XRD patterns of nanoparticles synthesised at these 
temperatures. The p-XRD patterns were matched with the Kesterite phase of CZTS (ICDD: 04-015- 
0223) corresponding to the tetragonal I-42 m space group with lattice constants a = 5.4280 Å and c = 
10.8640 Å. Nano particles synthesized at all three temperatures found to be matching with the 
reference patterns but there were some impurity peaks of unknown materials found in the p-XRD 
patterns of nanoparticles at 180 °C. The p-XRD patterns of the nanoparticles formed at 220 and 250 
°C were well matched with standard phase and with no contamination. The TEM images (Figure 5) 
showed hexagonal shaped particles with an average size of 10 ± 5 nm. The average elemental 

composition of the synthesized CZTS nanocrystals at 220 C for 1hr was determined by Energy- 
Dispersive X-ray Spectroscopy (EDX), which provided Cu/Zn/Sn/S composition (%) of 
28.43:11.38:12.85:47.34. These values were closer to 2.5:1:1.1:4 which is slightly Cu rich (can be 
from the Cu-grid). 
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Figure S1: (a)-(c) are the p-XRD patterns of the CZTS nanoparticles synthesized at 220, 200 and 180 °C. Peaks 
are indexed according to Kesterite structure (ICDD: 04-015-0223) of CZTS (stick patterns). * mark showed 
unknown peak. 
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Figure S2: Variation of selected d-spacings with composition 
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Figure S3: EDX analysis of the Cu2Zn1-xFexSnS4( where x = 0.3, 0.5 and 0.7) nanoparticles 
synthesised with Fe precursor ratio 0.3, 0.5 and 0.7 mM, 200 °C, 1hour. 
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Figure S4: TEM Elemental map of Cu2Zn0.5Fe0.5SnS4 nanoparticles synthesised using 0.5 mM Fe 
precursor in the precursor mixture at 220 °C for 1 hour. 



S8 
 

 
 

 
 

Figure S5: XPS spectra of Cu2ZnSnS4, Cu2FeSnS4 and Cu2Zn0.5Fe0.5SnS4 nanoparticles synthesised at 
220 °C for 1 hour. 
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Figure S6: High resolution XPS spectra of Cu2Zn0.5Fe0.5SnS4 nanoparticles synthesised at 220 °C, 1 
hour. 
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Figure S7: (a) and (b) are the UV-Vis Tauc plots and PL spectra for the Cu2Zn1-xFexSnS4 (x = 0 to 1) 
nanoparticles synthesised at 220 °C. 

 
 
 
 
 

 
 

Figure S8: Correlation between the PL and UV- Vis spectra of Cu2Zn1-xFexSnS4 (x = 0 to 1) 
nanoparticles synthesised at 220 °C. 
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Table S2: Statistics for the band gap measurement from the UV-Vis Tauc plots. 
 

 
Material 

 
Intercept 

 
Slope 

 
Band gap (b/a) 

 
R2 

CZTS 0.11004 0.05682 1.936 0.88465 

CZFTS Fe 0.3 0.47173 0.25011 1.886 0.85266 

CZFTS Fe0.5 0.11594 0.06206 1.868 0.87455 

CZFTS Fe0.7 0.11143 0.06209 1.848 0.92818 

 
CFTS 

 
0.31154 

 
0.13772 

 
1.7933 

 
0.88994 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S9: M (Emu/mole) at 5K vs mole Fn of [Fe]/[Fe+Zn] 

M(Emu/mole)@5K vs mole Fn of Fe 
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ABSTRACT: Cu2FeSnS4 (CFTS), nanoparticles have been synthesized by a non-injection method using 

mixtures of Fe(S2CNEt2)3, Bu2Sn(S2CNEt2)2 and Cu(S2CNEt2)2. The structures, morphologies, compositions, 

optical and magnetic properties were studied by p-XRD, TEM, EDX and UV/Vis spectroscopy were studied. 

Valence state of constituents has been determined by XPS. The effect of time and temperature on the size and 

morphology of CFTS nanocrystals were studied. Magnetic properties of the nanoparticles were studied in 

detail.  

Introduction 

 

Copper-iron tin sulfides/selenides (CFTS and 

CFTSe) materials are formed from earth abundant, 
environmentally benign elements hence more cost-

effective alternatives to the CIGS family.1-4 Their 

band gaps lie between 0.9-1.5eV, making them 

suitable for collectors in PV-cells.5,6 The magnetic 

properties and phase characteristics of CFTS 

semiconductors have been studied in detail.7 The 
incorporation of iron into CZTS allows the selective 

tuning of the band gap and the lattice parameters 

which give a theoretical efficiency of 37%. The 

increase in band gap and decrease in lattice 

parameters with increase in Fe concentration makes 

the alloy suitable in Si-based tandem solar cells.6-9 
Dye-sensitized solar cells (DSSC) fabricated with 

CFTS thin films as a photocathode have been 

reported with promising PCE (8.03 %) which can be 

a potential and cheaper alternative to Pt counter 

electrodes in DSSCs.10 

 
   A solution based synthesis of CFTS was reported 

recently using metal salts and sulfur in hot 

oleylamine. The stannite phase of CFTS was 

obtained  with particles of a diameter of 15–25 nm.11  

Jiang et al reported a non-aqueous strategy for the 

synthesis of hierarchical porous quaternary 

chalcogenide Cu2FeSnS4 as hollow chain 
microspheres by a microwave method using CuCl2, 

FeCl3, SnCl4 and thiourea in benzyl alcohol and 

octadecyl amine.12  Recently Guan et al. synthesized 

flowers like CFTS nanoparticles by a microwave 

method using Fe(NO3)3, SnCl2, Cu(NO3)2 and 

thiourea in ethylene glycol.13 Evastigneeva et al had 
studied the  structure of  Cu2-xFe1-x SnS4 by the 

Rietveld method by.14  Zhang et al. have reported the 

phase controlled synthesis of wurtzite CFTS 

nanoparticles with a band gap of 1.50 eV.6 The 

performance of photovoltaic cells can be further 

improved by controlling the composition of the 
material and by the incorporation of extrinsic 

impurities such as Fe or Se in place of Zn and S 

respectively e.g. as in CZTS or CZTSe.15,16  Studies 

showed that by varying the Fe: Zn in CFTS and  

CZTS both the band gap and lattice parameter can be 

tuned.6-8,17,18  In this paper, we report the first 
synthesis of the CFTS by a non-injection method 

using  mixtures of diethyldithiocarbamato complexes 

of Cu(I), Zn(II) and Sn(IV) in oleylamine. 
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Experimental 

Precursor Synthesis and characterization 

 

All reagents were purchased from Sigma-Aldrich 

chemical company and used as received. Solvents 

were distilled prior to use. Elemental analysis was 

performed by the University of Manchester 

microanalytical laboratory. TGA measurements were 
carried out by a Seiko SSC/S200 model from 10 to 

600 C with a heating rate of 10 C min-1 under 
nitrogen. Melting point was recorded on a Stuart 

melting point apparatus and uncorrected. The 

compounds [Cu(S2CNEt2)2] (1), [Fe(S2CNEt2)3] (2),  

[nBu2Sn(S2CNEt2)2] (3) were synthesized and 

recrystallized as reported in literature.
19-24 

 

Synthesis of Nanoparticles 

 

CFTS nanocrystals were synthesized by the 

thermolysis of the metal dithiocarbamate 
complex in hot oleylamine. In a typical synthesis, 

10 ml of oleylamine was heated at 90 °C for 10 

min under vacuum in a three necked round 

bottom flask and then purged with nitrogen gas 

for 5 min. A solid mixture of [Cu(S2CNEt2)2] 

(2.78 mmol), [Fe(S2CNEt2)3] (1.40 mmol), and 
[Bu2Sn(S2CNEt2)2] (1.40 mmol) in 2:1:1 molar 

ratio was added into the hot oleylamine and the 

reaction temperature was slowly increased to 220 

°C. After maintaining temperature for 60 min the 

heating was stopped and the mixture was allowed 

to cool to room temperature. The addition of 20 
ml methanol produced a black precipitate which 

was centrifuged, washed twice with methanol to 

remove any excess ligand. The black 

nanocrystals were redispersed in hexane for 

further investigation. The experiment was 

repeated at 180 and 250°C using the same molar 
ratio of precursor mixtures. Aliquots were 

collected at certain intervals of time to 

investigate the effect of reaction time on the 

characteristics of the nanoparticles 

 

Characterisation of nanoparticles  

 

 The p-XRD studies were performed on a Bruker 

AXSD8 diffractometer using CuKα radiation. 

The samples were mounted flat and scanned 

between 20 and 70° in a step size of 0.05 with a 
varying count rate depending upon the sample. 

For TEM measurements, QDs in hexane were 

deposited on 400 mesh copper/carbon grids and 

analyzed by a Philips CM 200 STEM operating 

at 100 kV. TEM images were collected on a 

Technai T20 microscope using accelerating 
voltage of 300 kV. TEM (nanoscale) elemental 

maps were measured using Aztec software 

transmission electron microscope using an 

accelerating voltage 300 kV. UV-VIS 

measurement was carried with a Perkin Elmer 

Lambda 1050 spectrophotometer (PSI) and 
scanned across the range from 250–1000 nm.  

XPS analysis used a Kratos Axis Ultra in the 

School of Materials, University of Manchester.  

 

Results and discussions 

TGA analysis 

 

Thermal decomposition studies were carried out 

between 10-600 °C; heating rate 10 °C min-1 under 

nitrogen. All compounds show rapid single step 

decomposition between 250-350 °C. The residual 

mass of [Fe(S2CNEt2)3] complex was found to be 
about 18% which was close to the calculated 

percentage of FeS (17.5%). The [Bu2Sn(S2CNEt2)2] 

complex decomposed slightly faster than the other 

complexes and the residual mass found to be ~ 34 % 

which agrees with the  calculated residual mass of 

SnS2. [Zn(S2CNEt2)2] gave  ~9-10 %  residue which 

was found to be half or less than half of the mass of 

the expected metal chalcogenides; ZnS (27 %).  

X-ray diffraction, TEM and EDX studies of CFTS 

nanoparticles synthesised in oleylaamine at 180, 

220 and 250 °C for 1 hr 
 

The p-XRD patterns of CFTS nanoparticles 

synthesized using 2:1:1 precursor mixtures at 

temperatures 180, 220 and 250 C are shown in 
Figure 1. The p-XRD patterns were matched with the 

stannite phases of CFTS. At 180 C the p-XRD 
patterns contain a mixture of two stannite phases of 

tetragonal I-42m (121) space groups CFTS; ICDD:  
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Figure 1: (a)-(c) are the p-XRD patterns of nanoparticles formed at 180, 220 and 250 C for 1 hr in oleylamine. 
Red and black stick patterns represent stannite CFTS; ICDD: 00-002-0575 black ICDD: 00-011-0062 

respectively 

. 

Figure 2: (a) and (b) are the Rietveld analysis of p-XRD patterns of nanoparticles synthesised at 220 and 250  

for 1h and (a) fitted with standard patterns of CFTS ICDD: 00-011-0062 respectively and (b) is fitted with 

standard patterns of stannite CFTS; ICDD: 00-002-0575.  
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00-002-0575 with lattice parameters a = b = 5.4600 

Å, c = 10.7520 Å and ICDD: 00-011-0062 with 

lattice parameters a = b = 5.4690 Å, c = 10.7690 Å, 

whereas the p-XRD patterns for the nanoparticles 

synthesized at 220 C were well matched with the 
stannite CFTS ICDD: 00-011-0062.The p-XRD 

patterns were further analysed by Rietveld analysis 

showed good fit with a Rwp = 4.36, the resulting  

 

 

Figure 3: (a)-(c) are the STEM images of CFTS 

nanoparticles synthesised at 180, 220 and 250 °C.  

lattice constants were a = 5.445 Å and c = 11.0921 
Å (Figure 2, Supporting document Table S1). The 

p-XRD patterns of nanoparticles synthesised at 250 

C well matched with the stannite CFTS ICDD: 
00-002-0575.The p-XRD patterns on Rietveld 

analysis gave lattice parameters a = 5.441 and c = 

10.9962 Å with an Rwp = 5.23. (Figure 2(b) and 

supporting document Table S2).  

The nanoparticles synthesised at 180 C showed 
large and small hexagonal shaped morphologies 

with size between 5-10 nm along with very small 

irregular shaped morphologies (Figure 3). 

Nanoparticles synthesised at 220 C were of the 
hexagonal type with size about 5-7 nm. 

Nanoparticles synthesised at 250 C were 

hexagonal in shape with almost same size ( 10 
nm). The HTEM images showed hexagonal shaped 

particles with an average size of 10 ± 2 nm for the 

nanoparticles synthesized at 220 °C. The high-

resolution TEM (HRTEM) images of the 
nanocrystals synthesised at 220 °C  (Figure 4) 

exhibit clear lattice fringes with measured d-

spacing of 0.315 ± 0.002 nm, corresponding to the 

 

 

Figure 4: (a) - (c) are the HRTEM images of CFTS 

nanoparticles synthesised at 220 °C for 1 hr.  

 (204) lattice planes of the Stannite CFTS structure. 

The diffraction pattern showed concentric rings  

 

Figure 5: HRTEM images of CFTS nanoparticles 

synthesised at 250 °C for 1 hr.  

shows different planes of the nanocrystallites. 

Figure 5 shows the clear diffraction patterns, with 

measured d-spacing corresponding to the lattice 
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planes of the stannite CFTS structure. The 

nanoparticles synthesized at 250 °C showed lattice 
fringe with a measured d-spacing of  0.27 ± 0.01 

nm corresponding to the (004) lattice planes of 

CFTS structure. 

The Energy-Dispersive X-ray Spectroscopy (EDX) 

for CFTS nanocrystals synthesized at 220 C for 1 
hr showed an average elemental composition as 

Cu/Fe/Sn/S (%) of   24.8:12.1:14.8:48.3. These 

values were closer to 2: 1:1.2:4 but slightly Sn-rich. 

The EDX analysis of nanoparticles synthesized at 

250 C gave Cu/Fe/Sn/S composition (%) of 26.6 
:12:3 :13.6: 47.6 which gave a stoichiometry  2 

:0.9: 1.0 : 3.5, slightly S deficient. The 

nanoparticles synthesized at 180 °C showed Sn-rich 
and S-deficient stoichiometry (Supporting 

document Figure S1). The selected area elemental 

map of CFTS nanoparticles synthesized at 220 °C 

for 1 hr is shown in Figure 6. It can be seen that 

there is a uniform distribution of constituent 

elements throughout the selected area. 

 

 

Figure 6.: Selected area elemental map of CFTS 
nanoparticles synthesised at 220 °C, 1h, using 2:1:1 

ratio of precursor mixtures. 

 X-ray diffraction, TEM and EDX studies of 

CFTS nanoparticles synthesized at 30 min and 45 

min at 220 °C  

Aliquots were collected from the experimental 
mixture at 220 °C at 30 and 45 min during the 

synthesis of nanoparticles. The aliquots were then 

dispersed in methanol. The nanoparticles formed on 

p-XRD analysis showed a good match to the stannite 

phases of tetragonal I-42m (121) space groups CFTS; 

ICDD: 00-002-0575 with lattice parameters a = b = 

5.4600Å, c = 10.7520 Å. The nanoparticles formed 
from 30 min aliquots showed less intense peaks 

compared to samples collected after 1 hr (Figure 7). 

Figure 7: (a)-(c) p-XRD patterns for the 

nanoparticles deposited at 220 C samples collected 
at 30 min, 45 min and 1 hr. 

 

 

Figure 8: (a) and (b) are the STEM images of CFTS 

to those formed from the 30 min and 45 min at 220  
°C.  

The morphology of the nanoparticles synthesized 

from aliquots collected at 30 min showed large 
crystallites with more or less square as shown in 

Figure 8. The morphology of samples collected at 45 

min contained large and small hexagonal shaped 

crystals between ca.5 - 10 nm size along with very 

small irregular shaped morphologies. The EDX 
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analysis (Supporting document Figure S1) showed 

Sn-rich and Fe-deficient composition in the aliquots 
collected at 30 min whereas, the Fe concentration 

increased in the case of samples collected at 45 min 

samples. The selected area elemental map of the 

CFTS nanoparticles synthesized from aliquots 

collected after 45 min and 30 min at 220 °C showed 

a lower percentage of Fe (ca. 9 % and 5 % 
respectively). The nanoparticles were comparatively 

rich in Cu (Supporting document Figure S1).  

 

 

Figure 9: HRTEM images of CFTS nanoparticles 

formed from aliquots collected at 30 min from the 

220 °C experiment. 

The TEM images of the nanoparticles synthesized 

from the samples collected at 30 min at 220 °C 

showed square-shaped particles with an average size 

of 10 ± 5 nm (Figure 9). The diffraction patterns for 

the nanoparticles synthesized for 30 min showed 

concentric rings corresponding to the diffraction 
planes of the stannite type CFTS nanocrystallites. 

The high-resolution TEM (HRTEM) images of these 

nanocrystals exhibited clear lattice fringes with 

measured d-spacing of 0.309 ± 0.002 nm, 

corresponding to the (112) lattice planes of the 

stannite CFTS structure.  

Nanoparticles formed from the aliquots collected 

at 45 min at 220 °C showed concentric rings 

corresponding to the different planes of the 

nanocrystallites. The TEM images showed 

hexagonal shaped particles with an average size 
of 10 ± 5 nm (Figure 10). The high-resolution 

TEM (HRTEM) 

 

 

Figure 10: HRTEM images of CFTS nanoparticles 

formed from aliquots collected at 45 min from the 

220 °C experiment. 

images of the typical nanocrystals (Figure 10) 

exhibit clear lattice fringes with measured d-

spacing of 0.312 ± 0.001 nm, corresponding to 
the (112) lattice planes of the Stannite CFTS 

structure 

 

Magnetic Studies of CFTS nanoparticles   

 

The Fe(II) oxidation state (d6) in a tetrahedral 
environment results in a local magnetic moment 

of approximately 4 B. The spins can order in-
(ferromagnetic, FM) or out-of-phase 

(antiferromagnetic, AFM).7,18,25,27-28 stannite 

structured CFTS has a Néel temperature as low as 6-8 

K. The stannite structure contains Cu-Fe and Sn-Fe 

(001) layers,  in addition to the FM configuration of 

Fe, two antiferromagnetic configurations of these 
layers also needs to be considered. By considering all 

these magnetic configurations, the calculated local 

magnetic moment of Fe is about 3.5 B, which 
confirms the high-spin state of Fe in the structure.7, 

26-27  
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Figure 11: (a) Temperature dependence of the magnetization per gram  for CZFTS (Fe-0.3 to 1.0) 

nanocrystals (b) Field-dependent magnetization curves a 5 K for CFTS nanoparticles synthesized at 

220 and 250°C for 1 hr. (inset: the magnification of hysteresis loops)) (c) Field-dependent 

magnetization curves at 300K for CFTS nanoparticles synthesized at 220 and 250°C for 1 hr)  

 

The antiferromagnetic ordering lowers the energy in 
st-CFTS. The average magnetisation per gram of 

spin-up and spin-down for the ferromagnetic (FM) 

configurations gives almost the same value as the 

anti-ferromagnetic (AFM) states, hence the alloy 

assume to have an FM structure. Magnetic studies 

were performed at 5 K and 300 K for the CFTS 
nanoparticles synthesised at 220 and 250 °C for 1 hr. 

The zero-field-cooled (ZFC) and field-cooled (FC) 

magnetic measurements confirmed that 5 K is below 

the blocking temperature for all samples Figure 

11(a).27,-30 At 5 K, both samples displayed hysteresis, 

indicating the ferromagnetic behaviour of these 
materials (Figure 11(b))25-28 At 300 K the samples 

showed paramagnetic behavior with no hysteresis as 

shown in Figure 11(c). 

 

 

 

Conclusion 

 

Phase pure CFTS nanoparticles were synthesized. 

The structure, morphology, composition and optical 

properties were investigated by p-XRD, SEM, EDX 

and UV-Vis spectroscopy. The EDX for the 

nanoparticles synthesized at 220 °C for 1 hr gave a 
composition very close to stoichiometric for 

Cu2FeSnS4. The CFTS nanoparticles synthesized at 

different temperatures and at the different time 

showed variation in the stoichiometric composition, 

size, and shapes. It is clear from the results that the 

particle size decreases with increase in temperature. 
The shape of the crystals became more hexagonal 

when the synthesized at a longer reaction   time, 

whereas the nanoparticles synthesized at shorter 

reaction time were more or less square/cubic shaped. 

The magnetic properties particles and optical band 
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gap studies showed similarity with stannite type 

CFTS material. The band gap of the material is ideal 
for solar energy applications.31   
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Table S1: Rietveld analysis of p-XRD patterns synthesised at 220 °C for 1 hr. Reference patterns used are  
ICDD: 00-011-0062 with lattice parameters a = b = 5.4690 Å, c = 10.7690 Å Rwp = 4.36.  

h k l d 2θ F2 

 
0 1 1 3.82828 23.21577 1.528 
1 1 0 3.82828 23.21577 0.363 
1 1 1 3.12577 28.53322 60.800 
0 2 0 2.70700 33.06484 7.035 
0 0 2 2.70700 33.06484 3.517 
0 2 1 2.42121 37.10160 0.163 
0 1 2 2.42121 37.10160 0.587 
1 2 0 2.42121 37.10160 0.294 
2 1 0 2.42121 37.10160 0.294 
1 2 1 2.21026 40.79250 0.416 
1 1 2 2.21026 40.79250 0.159 
2 1 1 2.21026 40.79250 0.416 
0 2 2 1.91414 47.45979 67.394 
2 2 0 1.91414 47.45979 33.697 
0 3 0 1.80467 50.53395 0.063 
0 0 3 1.80467 50.53395 0.103 
1 2 2 1.80467 50.53395 0.126 
2 1 2 1.80467 50.53395 0.126 
2 2 1 1.80467 50.53395 0.413 
0 1 3 1.71206 53.47780 0.077 
3 1 0 1.71206 53.47780 0.276 
0 3 1 1.71206 53.47780 0.077 
1 3 0 1.71206 53.47780 0.276 
3 1 1 1.63238 56.31355 32.674 
1 1 3 1.63238 56.31355 32.674 
1 3 1 1.63238 56.31355 32.674 
2 2 2 1.56289 59.05860 9.585 
3 2 0 1.50157 61.72692 0.005 
0 3 2 1.50157 61.72692 0.009 
0 2 3 1.50157 61.72692 1.051 
2 3 0 1.50157 61.72692 0.005 
3 2 1 1.44695 64.32996 0.004 
3 1 2 1.44695 64.32996 1.234 
2 1 3 1.44695 64.32996 0.004 
1 3 2 1.44695 64.32996 1.234 
2 3 1 1.44695 64.32996 0.004 
1 2 3 1.44695 64.32996 0.004 
0 4 0 1.35350 69.37716 21.489 
0 0 4 1.35350 69.37716 10.744 
0 1 4 1.31309 71.83659 0.014 
1 4 0 1.31309 71.83659 0.007 
4 1 0 1.31309 71.83659 0.007 
0 4 1 1.31309 71.83659 1.803 
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3 2 2 1.31309 71.83659 0.014 
2 3 2 1.31309 71.83659 0.014 
2 2 3 1.31309 71.83659 1.803 
4 1 1 1.27609 74.26183 0.022 

 

Table  S2: Rietveld analysis of p-XRD patterns synthesised at 220 °C for 1 hr. Reference patterns used are  

CFTS; ICDD: 00-002-0575 (a = b = 5.4600Å, c = 10.7520 Å)Rwp = 5.23 

h k l d 2θ F2 

0 1 1 3.82828 23.21577 2.850 
1 1 0 3.82828 23.21577 0.875 
1 1 1 3.12577 28.53322 86.370 
0 2 0 2.70700 33.06484 10.223 
0 0 2 2.70700 33.06484 7.170 
0 2 1 2.42121 37.10160 3.691 
0 1 2 2.42121 37.10160 1.448 
1 2 0 2.42121 37.10160 1.126 
2 1 0 2.42121 37.10160 0.667 
1 2 1 2.21026 40.79250 0.959 
1 1 2 2.21026 40.79250 5.773 
2 1 1 2.21026 40.79250 1.389 
0 2 2 1.91414 47.45979 85.109 
2 2 0 1.91414 47.45979 48.960 
0 3 0 1.80467 50.53395 1.297 
0 0 3 1.80467 50.53395 2.322 
1 2 2 1.80467 50.53395 0.444 
2 1 2 1.80467 50.53395 0.515 
2 2 1 1.80467 50.53395 1.071 
0 1 3 1.71206 53.47780 0.150 
3 1 0 1.71206 53.47780 0.114 
0 3 1 1.71206 53.47780 0.248 
1 3 0 1.71206 53.47780 0.136 
3 1 1 1.63238 56.31355 46.797 
1 1 3 1.63238 56.31355 42.688 
1 3 1 1.63238 56.31355 47.656 
2 2 2 1.56289 59.05860 17.999 
3 2 0 1.50157 61.72692 1.373 
0 3 2 1.50157 61.72692 1.506 
0 2 3 1.50157 61.72692 6.753 
2 3 0 1.50157 61.72692 0.923 
3 2 1 1.44695 64.32996 0.339 
3 1 2 1.44695 64.32996 3.073 
2 1 3 1.44695 64.32996 0.187 
1 3 2 1.44695 64.32996 3.085 
2 3 1 1.44695 64.32996 0.849 
1 2 3 1.44695 64.32996 0.158 
0 4 0 1.35350 69.37716 30.412 
0 0 4 1.35350 69.37716 8.383 
0 1 4 1.31309 71.83659 0.406 
1 4 0 1.31309 71.83659 0.670 
4 1 0 1.31309 71.83659 0.265 
0 4 1 1.31309 71.83659 1.312 
3 2 2 1.31309 71.83659 0.317 
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2 3 2 1.31309 71.83659 0.465 
2 2 3 1.31309 71.83659 4.068 
4 1 1 1.27609 74.26183 2.687 
1 4 1 1.27609 74.26183 2.111 
3 3 0 1.27609 74.26183 0.146 
1 1 4 1.27609 74.26183 7.026 
0 3 3 1.27609 74.26183 0.236 

 

 

Figure S1: Spectrum (a) to (c) are the EDX analysis of the CFTS nanoparticles synthesized at 180, 220 and 250 

°C for 1 hr. Spectrum (d) to (e) is the EDX of CFTS nanoparticles synthesised at 220 °C for 30 min and 45 min 
respectively. 
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Figure S2:  Tauc plots of CFTS nanoparticles synthesised at 220 and 250 °C for 1hr. The equation for the line 

of best fit is shown in the plot. 
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Nanoparticles of Cu2ZnSnS4 as performance
enhancing additives for organic field-effect
transistors†

Punarja Kevin,a Mohammad Azad Malik,b Paul O’Brien,ab Joseph Cameron,c

Rupert G. D. Taylor,c Neil J. Findlay,c Anto R. Inigoc and Peter J. Skabara*c

The addition of oleylamine coated Cu2ZnSnS4 (CZTS) nanoparticles to solutions of an organic semiconductor

used to fabricate organic field-effect transistors (OFETs) has been investigated. The oligothiophene-based

small molecule 5T-TTF and the polymer poly(3-hexylthiophene) (P3HT) were each applied in the transistors

with various concentrations of CZTS (5–20%). Atomic force microscopy (AFM) was applied to characterise the

surface morphology of the OFETs. The use of 5 and 10 wt% of the CZTS nanoparticles in 5T-TTF and P3HT

solutions, respectively, appears to be a simple and effective way of improving OFET performance.

Introduction

Organic semiconductors are low cost materials for organic electronic

devices, such as organic field-effect transistors (OFETs), which

utilise small molecules1–3 or polymers4–6 to achieve high charge

carrier mobilities in excess of 40 cm2 V�1 s�1.7 However,

attempts have been made to improve the charge carrier mobility

of OFETs by providing more effective pathways for charge

transport by using materials such as graphene,8,9 which acts as

an electrically conducting bridge between domains in composites

comprising of mainly P3HT. This led to an increased mobility with

increase in the composition of graphene, showing highly stable

transfer characteristics, a highest hole mobility of 1.82 cm2 V�1 s�1

and a moderately high ION/IOFF ratio of 104.9 Similarly, carbon

nanotubes (CNTs)10–12 have been used in OFETs and have

produced a 60-fold increase in the effective mobility of the

starting semiconducting material with a minor decrease of the

ION/IOFF current ratio.12 In a separate study, the addition of

CNTs at a concentration of up to 10 wt%, led to a 10-fold

improvement in field-effect mobility in P3HT OFETs.11 The use

of inorganic nanomaterials in OFET devices is under-explored

and yet there is a vast array of such materials with broadly

varying properties to choose from. Kesterites such as Cu2ZnSnS4
(CZTS) have attracted considerable recent interest13–17 because

they are composed of elements that are earth abundant, of low

toxicity and hence relatively environmentally benign. In addition to

their good absorption characteristics, such as broad absorption

spectra and tunable band gaps, kesterite nanoparticles exhibit good

charge transport and have been used in devices such as FETs with

good performance.15,18 These materials are therefore exciting

potential additives for improving the transistor characteristics of

organic semiconductors in OFETs, as well as in organic solar cells

and organic layers (hole and electron transport layers) of perovskite

solar cells.

In this work we demonstrate that oleylamine coated CZTS

nanoparticles, used in low concentration, can be used as an

additive in organic semiconductor solutions for the enhancement

of charge carrier mobility in OFET devices. Often nanoparticles

are processed in a ligand-exchange solution, with the long ligands

of the nanoparticles exchanged for shorter ligands such as

butylamine,19 ethanedithiol20 or benzenedithiol21 in order to

reduce the distance between particles. However, in this study we

show that the kesterite nanoparticles capped with long ligands

can be used to improve the performance of transistor devices.

The simple addition of these nanoparticles to organic semi-

conductor solutions reduces the need for complex processing

techniques or toxic ligands normally required.

Synthesis of CZTS nanoparticles

The compounds [Cu(S2CNEt2)2] (1), [Zn(S2CNEt2)2] (2) and

[nBu2Sn(S2CNEt2)2] (3) were synthesised as reported in the

literature.22–25 The CZTS nanocrystals were synthesised, under

dry nitrogen atmosphere, using a Schlenk line by amodification of a

published procedure.27 In a typical synthesis, 20 ml oleylamine was

heated to 90 1C and purged under N2. The complexes were used as

follows: 1.0 g (2.8 mmol) of [Cu(S2CNEt2)2], 0.50 g (1.4 mmol) of
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[Zn(S2CNEt2)2] and 0.73 g (1.4 mmol) of [nBu2Sn(S2CNEt2)2]

were mixed and ground in a mortar and pestle, and then added

to the hot degassed oleylamine. The temperature of the solution

was then raised to the processing temperature: 180, 220 or

250 1C. This temperature was maintained for 1 hour. The

nanocrystals were precipitated by dispersing in methanol and

were centrifuged for 5–10 min at 4000 rpm. The supernatant was

discarded and the nanocrystals were redispersed in hexane. The

precipitation and dispersion steps were repeated several times to

remove excess oleylamine. Finally, the nanocrystals were stored

for later use by dispersing in hexane or dried and kept under N2.

The nanoparticles appear to be stable for more than six months.

Nanoparticle characterisation

The nanoparticles were characterised using p-XRD, TEM, HRTEM,

UV-vis absorption spectroscopy and photoluminescence spectro-

scopy. The X-ray diffraction (XRD) studies were performed on a

Bruker AXSD8 diffractometer using CuKa radiation. The samples

weremounted flat and scanned between 201 and 801 in a step size of

0.051. Nanoparticles in hexane were deposited on 400 mesh copper

Formvar/carbon grids for TEM work. TEM images were collected on

a Technai T20 microscope using an accelerating voltage of 300 kV.

STEM imaging and energy dispersive X-ray (EDX) spectrum imaging

were performed using a probe side aberration corrected Titan

ChemiSTEM instrument operated at 200 kV with a probe current

of B440 pA. The nanoscale elemental map images were analysed

using Aztec software. TEM images were analysed by Gatan Digital

Micrograph software. The XPS spectra were collected using a Kratos

Axis Ultra in the School of Materials in the University of Manchester.

OFET fabrication

Organic field-effect transistors were fabricated on SiO2 substrates

with prefabricated interdigitated Au source-drain channels with

lengths of 2.5, 5, 10 and 20 mm and width of 1 cm. N-doped Si

and SiO2 were the gate electrode and gate dielectric materials,

respectively. The substrates were cleaned using water, acetone

and ethanol before being treated in UV-ozone for 30 seconds.

A pentafluorobenzenethiol (PFBT) self-assembled monolayer

(SAM) was prepared by drop-casting a solution of PFBT

(10 mM in ethanol) onto the substrate. After 1 min, the residual

PFBT was then washed away with ethanol and the substrate was

dried over a stream of compressed air. Similarly, an octadecyl-

trichlorosilane (OTS) SAM was prepared by drop-casting an OTS

solution (13 mM in toluene) onto the substrate which was

washed with toluene and dried after 1 minute.

The conditions for the fabrication of OFETs using 4,40,6,60-

tetrakis(30-hexyl-50-methyl-[2,20-bithiophen]-5-yl)-2,20-bithieno[3,4-d]-

[1,3]dithiolylidene (5T-TTF) were the same as those previously

reported26 with the addition of differing amounts of CZTS as

the only variable. All OFETs fabricated using P3HT were made

using PFBT and OTS SAMs by spin-coating a 5 mgml�1 solution

of the polymer at 2000 rpm with varying amounts of CZTS onto

the substrate and annealing at 150 1C. Every OFET fabricated

was spin-coated from a solution which had been subjected to

ultra-sonication for 20 minutes.

Current–voltage characteristics were recorded using a Keithley

4200 semiconductor characterisation system at room temperature

in a nitrogen filled glove box where oxygen and water levels

were maintained below 0.1 ppm. The field-effect mobilities

were determined from the saturation regime and calculated

using the following equation:

msat ¼
2L

WCi

�
@

ffiffiffiffiffiffiffi

IDS

p

@VGS

� �2

where IDS is the drain current, msat is the saturation carrier mobility,

VGS is the gate voltage, L is the channel length, W is the channel

width and Ci is the capacitance per unit area of the insulator

material. The mobility values reported were calculated from the

average mobility of six devices and the standard deviation (s) is

shown for the OFETs fabricated. The surface morphologies of the

OFETs were characterised using a Dimension 3100 atomic force

microscope (AFM) in tapping mode.

Results and discussion
CZTS nanoparticles

The synthesis of CZTS nanoparticles was previously carried out

using a mixture of [Cu(S2CNEt2)2] (1), [Zn(S2CNEt2)2] (2) and

[Sn(S2CNEt2)4] (4) in octadecene and oleic acid, followed by

injection into oleylamine.27 Herein we report a method using

[nBu2Sn(S2CNEt2)2] (3) in place of [Sn(S2CNEt2)4] (4) in oleylamine.

The reported decomposition temperatures of copper, zinc and

tin diethyldithiocarbamates (1), (2) and (4)27 are 220 1C (1),

240 1C (2), and 174 1C (4),18,24,27 which may have led to

premature decomposition/over-incorporation of tin due to the

lower decomposition temperature of the [Sn(S2CNEt2)4]. In our

studies, thermogravimetric analysis (TGA) of the complexes (1),

(2) and (3) (Fig. S3, ESI†), showed more compatible and sharp

Fig. 1 The p-XRD patterns of CZTS nanoparticles synthesised at 220 1C

for 1 hour. The reference patterns are of kesterite CZTS (ICDD: 04-015-0223).

The TEM images showed hexagonal particles with an average size of 10� 2 nm.

The high resolution TEM (HRTEM) images shown in Fig. 2a and b, exhibit clear

lattice fringes with measured d-spacing of ca. 0.313(1) nm corresponding to the

(112) lattice plane of the kesteritic CZTS structure (Fig. 2c). The elemental

composition of the CZTS nanocrystals was determined by energy dispersive

X-ray spectroscopy (EDX), which gave a Cu/Zn/Sn/S composition (atomic%) of

Cu (28.43%), Zn (11.38%), Sn (12.85%) and S (47.34%).
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decomposition starting at 284 1C (1), 303 1C (2) and 300 1C (3),

all leading to their corresponding metal sulphides. The mid-point

of each decomposition is within 5 1C of 330 1C. These TGA results

for complexes (1), (2) and (3) match well with our previous

reports.28 The difference in the decomposition temperatures

between this work and earlier reports may be due to the method

of reporting or experimental differences.

The p-XRD pattern (Fig. 1) of the sample prepared at 220 1C

for 1 hour shows main peaks at d-spacings of: 3.14, 2.73, 1.92,

1.64, 1.35, 69.34 and 1.24 for the (112), (200), (204), (312), (400)

and (316) spacings of kesterite CZTS (ICDD: 04-015-0223).24 The

p-XRD patterns of samples formed at other temperatures are

shown in the ESI† (Fig. S1).

The stoichiometry of the material is Cu2.5Zn1Sn1.1S4, which is

slightly Cu rich (however Cu grids were used for the TEM). Fig. 2d

shows the selected area elemental map for the nanoparticles

synthesised at 220 1C; it shows a uniform distribution of the

elements in the entire area of analysis.

The valence state of the elements in the nanoparticles

synthesised at 220 1C were determined by XPS (Fig. 3); binding

energies were as follows: Zn 2p3/2, 1017 eV; Cu 2p3/2, 926 eV;

Cu 2p1/2, 947 eV; Sn 3d5/2, 480 eV; Sn 3d3/2, 491 eV; S 2p3/2,

156 eV; S 2p1/2 158 eV. The values are commensurate with the

valence states Cu(I), Sn(IV), Zn(I) and S2�.25

Organic field-effect transistors

The details of OFET fabrication using both 5T-TTF and P3HT

organic semiconductors are given in the experimental section.

The results for OFETs fabricated using 5T-TTF are summarised

below in Table 1. OFETs fabricated using only 5T-TTF show an

average hole mobility of 9.5 � 10�3 cm2 V�1 s�1, which is

similar to that determined previously.26 The output and trans-

fer characteristics for the devices tested are shown below in

Fig. 4a and b. The current response is increased (Fig. 4c) for the

OFET fabricated using 5 wt% CZTS and the hole mobility

calculated is 0.016 cm2 V�1 s�1, a 68% increase with respect

to the device fabricated using pristine 5T-TTF. The ION/IOFF
ratio remains the same for both devices. When the nanoparticle

concentration is increased, there is no saturation observed in

the output graph. In order to investigate the OFET performance

further, AFM was used in tapping mode to characterise the

surface morphology of the different devices; these images are

Fig. 2 (a) and (b) are the HRTEM images, (c) the diffraction patterns and

(d) the elemental map of CZTS nanoparticles synthesised at 220 1C. The

scale bar shown for the elemental map is ca. 50 nm.

Fig. 3 High resolution XPS spectra of CZTS nanoparticles synthesised at

220 1C.

Table 1 Data for OFETs fabricated from 5T-TTF with various concentra-

tions of CZTS nanoparticles

Compound VTh (V)
ON/OFF
ratio

Average mhole

(cm2 V�1 s�1) smhole

5T-TTF �13 103 9.5 � 10�3 5.8 �10�3

5T-TTF + 1% CZTS �17 103 8.5 � 10�3 3.8 �10�3

5T-TTF + 2.5% CZTS �17 103 8.3 � 10�3 4.6 �10�3

5T-TTF + 5% CZTS �15 103 0.016 4.6 � 10�3

5T-TTF + 10% CZTS — — —
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shown in Fig. 5. The surface of the OFET fabricated using

5T-TTF is comparable to the image of the surface from the

previously fabricated device.26 Surprisingly, despite the increased

roughness of the surface of the device fabricated with 5 wt% CZTS,

compared to the pristine organic film, the hole mobility is higher.

As the concentration of CZTS is increased to 10%, there is a

significant change in morphology with the 5T-TTF domains being

broken up. The emergence of a number of gaps in the film explains

the poor performance for this device.

The behaviour of the OFETs fabricated using P3HT and

CZTS is slightly different to those from 5T-TTF and the device

data for each OFET are summarised in Table 2. The output and

transfer characteristics for the OFET fabricated using P3HT

without any additives are shown in Fig. 6a and b. The average

hole mobility calculated for P3HT is 0.041 cm2 V�1 s�1 and in a

similar trend to the 5T-TTF OFET, when 5 wt% CZTS is added to

the solution used for OFET fabrication there is an increase in

the mobility. The output and transfer graphs for this device

are shown in Fig. 6c and d. The calculated hole mobility

(0.053 cm2 V�1 s�1) is 29% higher than the OFET fabricated

without any nanoparticles. However, unlike the oligomer based

OFETs where 10% CZTS led to a deterioration in performance,

OFETs fabricated with P3HT and 10% CZTS (Fig. 6e and f)

showed a further increase in charge carrier mobility, with the

Fig. 4 (a) and (b) show the output and transfer characteristics for an OFET fabricated using 5T-TTF; (c) and (d) are the output and transfer characteristics

for an OFET fabricated with 5T-TTF + 5% CZTS.

Fig. 5 AFM images of OFETs fabricated from 5T-TTF (left), 5T-TTF + 5% CZTS (centre) and 5T-TTF + 10% CZTS (right)

Table 2 Results for fabricated OFETs from P3HT with various concentra-

tions of CZTS

Compound VTh (V)
ON/OFF
ratio

Average mhole

(cm2 V�1 s�1) smhole

P3HT �8 102 0.041 0.015
P3HT + 5% CZTS �9 102 0.053 0.012
P3HT + 10% CZTS �10 102 0.088 0.013
P3HT + 15% CZTS �10 102 0.037 9.6 � 10�3

P3HT + 20% CZTS �10 102 0.033 0.016
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average mobility calculated as 0.088 cm2 V�1 s�1, a 115%

increase compared to the value for the device fabricated using

only the polymer. In contrast, a further increase in nanoparticle

concentration to 15% or 20% shows charge carrier mobilities

only slightly lower than the OFET fabricated with a neat P3HT

film, showing that performance is not enhanced by the addition

of higher concentrations of nanoparticles.

The AFM images for P3HT devices are shown in Fig. 7 and

give a clear trend. The device fabricated using neat P3HT shows

a number of polymer aggregates on the surface. As 5 wt% CZTS

is added to the solution, the resulting device still shows P3HT

aggregates, but overall there are fewer of these domains. There

is a further reduction in the surface roughness as the CZTS

concentration is increased to 10% and there appears to be a

significant decrease in the size of the P3HT aggregates. The

domain sizes are slightly larger when the concentration is

increased to 15% CZTS and the surface roughness also increases,

but the aggregates are smaller than those present in the neat

polymer film. This suggests that, although the P3HT aggregates

are being broken up in films formed from 15% and 20% CZTS

solutions, charge transport is inhibited by the increased nano-

particle concentration and therefore leads to a charge carrier

mobility that is slightly reduced with respect to OFETs fabricated

using P3HT. It is worth noting that the OFET performance does

not tail off as significantly as when the CZTS concentration is

increased for 5T-TTF containing OFETs.

Finally, in an attempt to determine if the nanoparticles or the

oleylamine ligands are responsible for the improved performance,

P3HT OFETs were fabricated using 5% v/v and 10% v/v oleylamine.

The output and transfer characteristics for each of these OFETs are

shown in the ESI† (Fig. S2). The addition of 5% oleylamine leads to

a severely reduced mobility (mh = 2.83 � 10�3 cm2 V�1 s�1) and

Fig. 6 Output and transfer characteristics (left and right columns, respectively), for OFETs fabricated using neat P3HT [(a) and (b)], P3HT + 5% CZTS

[(c) and (d)], and P3HT + 10% CZTS [(e) and (f)].
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although this is improved with 10% oleylamine (mh = 6.07 �
10�3 cm2 V�1 s�1), the performance of both devices is considerably

poorer than any of the devices fabricated using P3HT and CZTS.

This would suggest that the nanoparticles are responsible for

improving the OFET performance rather than the long oleylamine

ligands.

Conclusion

CZTS nanoparticles have been used as additives for the fabrication of

solution-processed OFETs. The nanoparticle composites (5% CZTS)

with 5T-TTF had a hole mobility 68% higher than devices using only

the oligomer, whilst 10% addition to P3HT devices led to a hole

mobility more than double (115% increase) that of the OFET with

neat P3HT. The additives are inexpensive and environmentally

benign, which suggests that they have potential for the improvement

of OFETs. Reports on applications of inorganic nanoparticles in

OFETs are sparse in the literature and have been limited mainly to

their use as nanocomposites in gate dielectric layers.29–31 Zinc oxide

nanoparticles have been used in polyfluorene composites for light-

emitting field effect transistors,32whilst Q-ZnO has been applied as a

component in a hybrid OFET bilayer device fabricated with P3HT as

the organic film.33 Blends of P3HT and CdSe have been studied in

OFETs34 and also in organic photovoltaics devices.35 However, the

mechanism of charge transport in these composites is not well

understood. It has been shown by low temperature light-induced

electron spin resonance studies that the morphology of P3HT

changes in the presence of CdSe nanoparticles34 and that charge

transfer between the two components only takes place efficiently if

the CdSe capping ligand is removed. In OFETs, however, the

structure of the capping ligand in P3HT/CdSe composites influences

the value of themobility.35 This begs the question whether or not the

inorganic nanoparticles in hybrid OFETs change the characteristics

of the device as a function of morphology or if the role of the

inorganic material is more complex. It is perhaps more intuitive to

assume the former and our work clearly shows that morphology

changes with different loadings of CZTS nanoparticles. However, an

in-depth study needs to be conducted to elucidate the full role of

CZTS in composites. One would expect that the inclusion of

nanoparticles into pristine molecular (5T-TTF) and polymeric

(P3HT) materials would disrupt long-range order and affect charge

transport detrimentally, and remarkably we see an enhancement of

hole mobility upon the application of CZTS nanoparticles. One

possible explanation is that the inorganic material reduces the

density of traps in the organic layer and this has been seen in the

case of MEH-PPV/ZnO blends.36

Acknowledgements

P. K. thanks the School of Chemistry, The University of Manchester

for funding. We thank EPSRC for funding the instruments under

grant number (EP/K039547/1) for characterisation of the CZTS

compounds. P. J. S. thanks the Royal Society for a Wolfson

Research Merit Award. R. G. D. T. thanks the EPSRC for funding

(EP/L012200/1). All data supporting this research are openly

available from http://dx.doi.org/10.15129/2527c5db-bde6-48cd-

b145-55f15f837fb2.

Fig. 7 AFM images for OFETs fabricated using P3HT (top, left), P3HT + 5%CZTS (top, centre), P3HT + 10%CZTS (top, right), P3HT + 15% CZTS (bottom, left)
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Figure S1: (a) are the p-XRD patterns of the CZTS nanoparticles synthesised at 180, 220 and 

250°C. Peaks are indexed according to the kesterite structure (ICDD: 04-015-0223) of CZTS 

(stick patterns). The * mark shows unknown peaks. (b)-(d) are the TEM images of CZTS 

nanoparticles synthesised at 180, 220 and 250°C respectively. 
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Figure S2: Output and transfer characteristics (left and right columns, respectively) for 

OFETs fabricated using P3HT + 5% oleylamine [(a) and (b)] and P3HT + 10% oleylamine 

[(c) and (d)] 
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Figure S3: TGA analysis of the samples [Cu(S2CNEt2)2] (1), [Zn(S2CNEt2)2] (2) and 

[nBu2Sn(S2CNEt2)2] (3). Analyses of the samples were carried out by a Seiko SSC/S200 

model from 10 to 600°C with a heating rate of 10°C min-1 under nitrogen. 
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CHAPTER - XV 

Conclusion and Future work 

Copper and tin based chalcogenides are widely used because of their potential use in solar 

energy applications. The band gap of these materials can be tuned between 1.0 to 2.0 eV 

by addition of elements such as Zn, Fe, In, Ga etc. Chapter II to III contain a detailed 

introduction and literature review on the copper and tin based materials and their solar 

energy applications. Chapter IV of this thesis summarises the synthesis of a series of 

dithiocarbamates of tin(II) with the formula [Sn(S2CNRR')2] (R = Et, R' = n-Bu; R = Me, 

R' = n-Bu; R = R' = Et) and the deposition of SnS thin films using these complexes by 

aerosol-assisted chemical vapour deposition (AACVD). The effects of both temperature 

and the concentration of the precursors on deposition were investigated. The experimental 

results can be concluded as the stoichiometry of SnS films was best at higher 

concentrations of precursors and deposition at 450 °C deposition temperature. The direct 

band gap of the SnS produced was estimated as 1.2 eV. SnS devices with about 4.4 % 

efficiencies were reported in 2014 by Sinsermsuksakul et al. [326] hence in future there is 

an imperative need to fabricate solar cells with SnS thin films deposited by AACVD 

using these precursors.  

SnSe thin films and nanoparticles are used in optoelectronic devices and as 

thermoelectric material in lithium ion batteries, the focus of Chapter V was the detailed 

report on the AACVD of SnSe using a novel complex [Sn(Ph2PSe2)2]. The report also 

includes the deposition of Cu2SnSe3 thin films as these materials possess a simple crystal 

structure and phase diagram as compared to other quaternary chalcogenides. Cu2SnSe3 is 

one of the best candidates for a variety of optoelectronic and solar energy applications. 

The uses of Cu2SnSe3 are being explored in: acousto-optic applications, thermo-
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electronics, and biomedical applications and had been deposited by using the 

combination of [Sn(Ph2PSe2)2] with [Cu(acac)2] by AACVD. The best films of SnSe and 

Cu2SnSe3 were obtained at 400 and 450 °C.  

Many researchers suggests that the properties of Cu2ZnSnS4 can be strongly affected by 

the changes in its stoichiometry mainly the Cu/(Zn+Sn) or Zn/Sn ratio on the 

morphology, phase purity and optical properties. Chapter VI of this thesis reports a 

comprehensive study on the deposition parameters of Cu2ZnSnS4 thin films by AACVD 

using dithiocarbamato complexes of Cu, Zn and Sn in different molar composition as 

precursors. The results were promising and we showed that the mole ratio of [Cu]:[Zn] 

precursors and deposition temperature play a crucial role in determining the 

stoichiometry, band gap and morphology of the deposited films. A device was fabricated 

with a thin layer of mesoporous TiO2 and a layer of thin layer of CZTS deposited at 

optimum composition showed an efficiency of 2.39 % under one sun radiation. Further 

studies to improve the efficiency of the device and the publication of achieved results are 

in progress. 

Chapter VII and VIII of the thesis mainly targeted the development of thin films of 

Cu2FeSnS4, Cu2FeSnSe4, Cu2FeSnSe4 and Cu2FeSn(SxSe1-x)4 by AACVD using a mixted 

precursor approach. The best films of each type, in terms of the stoichiometry, structure 

and properties were successfully deposited at 350 °C. These results are exciting but still 

need more compositional studies especially in the deposition of Cu2FeSn(SxSe1-x)4 thin 

films. The use of mixed precursors by AACVD opens a potential route towards 

synthesising these quaternary materials. The sheet resistance of Cu2FeSnS4, Cu2FeSnSe4 

and Cu2FeSn(SxSe1-x)4  were 2.13 kΩ cm
-2

, 1.48 kΩ cm
-2

 and  1.89 kΩ cm
-2

 respectively 

and band gap values  were between 1.1-1.6 eV  which is ideal for solar cells. Further 

studies on thermal resistance, photovoltaic and magnetic properties of thin films will be 
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carried out in future. The results of the study of the deposition of Cu2ZnSnSe4 and 

Cu2FeSnSe4 showed that the materials adopt kesterite and stannite structures respectively. 

The measured band gaps of iron-containing materials were comparatively lower than 

those of zinc in the quaternary materials. These results also showed that selenium-rich 

films were found to have lower band gap and resistance values as compared to those with 

selenium-deficient or sulfide films. Moreover, films deposited at higher temperatures 

were found to be selenium-deficient and hence gave higher optical band gaps than those 

deposited at the lower temperatures. 

Kesterite materials containing iron and zinc are considered to be amongst the better 

absorbers for polycrystalline PV-solar cells, but experimental studies on the phase 

transition between kesterite and stannite phases are underexplored. In Chapter IX, the 

relationship between the [Zn]:[Fe] ratio on these materials was studied using Ritveld 

analysis of the p-XRD results from films deposited b AACVD. These kesterite and 

stannite polymorphs had very small difference in their thermodynamic stability, and 

addition of iron into Cu2ZnSnS4 thin films decreases the optical band gap. The 

composites: Cu2(ZnyFe1-y)SnS4 (CZFTS), Cu2(ZnyFe1-y)SnSe4 (CZFTSe) and 

Cu2(ZnyFe1-y)Sn(SSe)4 (CZFTSSe) showed; band gaps, absorption coefficients and 

transport properties similar to those of Cu2ZnSnS4 (CZTS). The solubility of iron in the 

CZTS derivatives plays a key role in controlling many parameters. Thin films of CZFTS, 

CZFTSe and CZFTSSe deposited by AACVD showed that the ratios of the constituents: 

Zn, Fe, S and Se can be controlled by varying the concentrations of corresponding 

precursors and the deposition temperature. The band gaps of these materials lie between 

1.0 eV and 1.7 eV, on changing the [Zn]:[Fe] and [S]:[Se] ratios in the material. The 

sheet resistance of the materials are good for polycrystalline CZTS PV-cells. The 

structural parameters for the films do not show any consistent variation with 

composition; given the wide range of differing radii of the ions involved, this observation 
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is perhaps not surprising. The band gap and resistance of each film is overwhelmingly 

controlled by the selenium content as Khadka and Kim demonstrated previously. [56] 

The potential for the use of these materials in devices will be investigated in the future.  

Chapter X summarises the deposition of CdSe and CdSxSe1−x layers by AACVD using 

diseleno-carbamato-metal precursors. The results showed the deposited CdSe and 

CdSxSe1−x thin films had high crystallinity and comparatively good composition, but 

further studies are needed for different composition sets.  Moreover, films were slightly 

contaminated by excess Cd and Se which can possibly alter the properties of these films 

hence detailed studies need to be carried to deposit extra CdSe and CdSxSe1−x thin films 

by AACVD.  

Chapter XI describes the deposition of CZTSSe thin films with tunable band gaps 

by AACVD using dithio-and diseleno-carbamato complex as precursor sources. It 

can be concluded that the band gaps of these materials can be tuned from 0.96 to 1.6eV 

by changing the S:Se ratios of the material. The sheet resistance of the films 

decreases with increasing selenium content and the highest (11.3 k cm
-2

) and lowest 

(9.3 k cm
-2

) resistance observed for CZTS and CZTSe respectively which correlates 

well with reported values. Detailed optical and photovoltaic applications of these 

materials will be explored in future. 

Chapters XII and XIII demonstrate the novel synthesis and characterisation of Cu2Zn1-x 

FexSnS4 nanoparticles with mole fractions of Fe from 0 to 1.  Detailed compositional 

studies (p-XRD patterns and EDX) analysis showed that these materials, in contrast to 

bulk, maintained a stannite structure. The iron-containing materials are ferromagnetic at 

low temperatures. Such materials may find applications in magnetoelectronic, 

optoelectronic, or photo the fabrication of solar cells and devices. 
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Organic semiconductors are low cost materials for electronic devices such as field-effect 

transistors (OFETs). Attempts to improve the charge carrier mobility of OEFT devices 

are poorly explored.  Chapter XIV reports the use of CZTS nanoparticles as additives in 

the fabrication of solution-processed OFETs. The nanoparticle composites (5% CZTS) 

with 5T-TTF had a hole mobility 68% higher than devices using only the oligomer, 

whilst the 10% addition to P3HT devices led to a hole mobility more than double (114 % 

increase) that of the OFET with neat P3HT. The nanoparticles used as additives are 

inexpensive and environmentally benign. The inclusion of nanoparticles into molecular 

(5T-TTF) and polymeric (P3HT) materials may disrupt long-range order and affect 

charge transport detrimentally, yet remarkably we see an enhancement. However, a more 

in-depth study needs to be conducted to elucidate the full role of CZTS in composites. 

Also in future the effect of Fe containing composites can be studied as a continuation of 

this project. 
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APPENDIX - I 

Measurement Methodologies 

Thermogravimetric analysis (TGA) 

TGA is a thermal analysis method in which physical and chemical properties of materials 

are measured as a function of temperature at constant time or as a function of time at 

constant temperature.  TGA can give  information about physical phenomena, such as 

phase transitions such as sublimation, vaporization, absorption and desorption, chemical 

phenomena such as  dehydration, decomposition and solid-gas reactions 

oxidation or reduction. TGA is used to determine some selected characteristics of 

materials which relate to either the mass loss or gain due to decomposition, oxidation, or 

loss of volatiles (such as water). TGA can be used to find the material characteristics by 

analysing the decomposition patterns, degradation mechanisms and reaction kinetics, 

organic and inorganic contents in a sample. The measurements were carried out on a 

Seiko SSC/S200 model under a heating rate of 10 °C min
-1

 under nitrogen. Indium metal 

is used as a reference to calibrate the instrument. 

Elemental analysis  

Carbon (C), Hydrogen (H) and Nitrogen (N) analysis carried out on a calibrated Carlo 

Erba EA 1108 elemental analyser with standard reference material. The samples were 

placed in a tin container which then dropped into a furnace at 1000 °C and burnt in 

oxygen inside the furnace. Carbon in the sample burns and forms carbon dioxide, 

hydrogen as water vapours nitrogen and sulfur as dioxides. The gases were analysed in a 

gas chromatography (GC) column to determine the percentage of each element in the 

given sample. Metals such as  Cu, Fe, Co, Ni, Zn and Cd analysis were carried out by 

https://en.wikipedia.org/wiki/Second-order_phase_transition
https://en.wikipedia.org/wiki/Second-order_phase_transition
https://en.wikipedia.org/wiki/Sublimation_(phase_transition)
https://en.wikipedia.org/wiki/Vaporization
https://en.wikipedia.org/wiki/Absorption_(chemistry)
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https://en.wikipedia.org/wiki/Dehydration
https://en.wikipedia.org/wiki/Decomposition
https://en.wikipedia.org/wiki/Oxidation
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Volatiles
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digesting a weighed amount of given compound in an acid which was then heated to the 

temperature at which the sample is digested and decomposed by the acid. The residue 

was then transferred to a volumetric flask and made up with water. This solution was 

then analysed by Fisons Horizon ICP-OES and measures the concentration of the 

individual element in the solution. All elemental analysis for the whole project was 

performed by School of Chemistry microanalysis team.  

Mass spectrometry  

Mass spectrometry analyses molecular species by measuring their mass. To conduct 

electrospray the samples were dissolved in a carrier solvent and dispersed into a fine 

aerosol. The aerosol then passed through a highly charged nozzle to evaporate and 

generate charged ions, which are then accelerated towards a detector by counter 

electrodes. The time taken by the ions to reach the detector as a function of its charge, Z, 

and mass M and the mass spectra consists of counts against (M/Z). The positive ions are 

generally associated with small cations such as H
+
, Na

+ 
or K

+
 and the negative ions 

formed by association with ions like I
-
or by removal of H

+
. In electrospray, the technique 

is based on the soft ionisation and the structure is mostly maintained. Matrix assisted 

laser desorption ionisation (MALDI) is another soft ionisation technique available.  

UV/Vis spectroscopy  

The UV/Vis spectroscopy refers to the absorption spectroscopy in the ultraviolet-visible 

region (UV to near IR range) of light. The rate of absorption varies because of the 

electronic transitions in the compound. UV/Vis spectroscopic technique measures the 

transitions from the ground state to the excited state which is complementary to the 

fluorescence spectroscopy which involve the transition from the excited to ground state. 

UV/Vis spectroscopy can be effectively used for studying the effect of change in 

wavelength of maximum absorption (λmax) in transition metals in presence of anions or 
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ligands, as the colour of metal ion solutions is strongly affected by anions or ligands. 

This technique is also used to determine the degree of conjugation in the systems as the 

molecules with high degree of conjugation absorb light in the UV or visible region.  The 

solvents such as water, ethanol, hexane or toluene can be used.   

According to the Beer-Lambert law, the absorbance of a solution varies directly with the 

concentration of the absorbing species and the path length. Hence the concentration of a 

fixed path length can be measured using UV/Vis spectroscopy according to the equation;  

     A = log10 (Io/I) = ƐcL   …………     Eq.7 

where A = measured absorbance Io = intensity of the incident light at a 

given wavelength, I =  transmitted intensity, L =  path length through the sample, 

c =  concentration of the absorbing species and Ɛ =  constant known as the molar 

absorptivity or extinction coefficient, which is a constant and shows fundamental 

molecular property in a given solvent, at a particular temperature and pressure.  

X-ray diffraction (XRD) [1, 2] 

X-ray crystallography is considered as one of the most powerful tools in solid state 

structure determination. It provides information regarding bond lengths/angles, symmetry 

and molecular packing. The diffraction patterns were then compared to the documented 

patterns in the ICDD index. The technique relies on the diffraction of X-rays through the 

lattice planes in crystals. Crystals are made of regular arrays of atoms; hence primarily 

the electron of atoms diffract these X-ray waves and secondary spherical waves are 

emitted. This phenomenon is called elastic scattering. A regular array of scatterers 

(electrons) produces a regular array of spherical waves, some of these waves cancel one 

another by destructive interference, and some may add in some specific directions called 

constructive interference, which can be determined by Bragg's law;    

https://en.wikipedia.org/wiki/Ligand
https://en.wikipedia.org/wiki/Conjugated_system
https://en.wikipedia.org/wiki/Beer-Lambert_law
https://en.wikipedia.org/wiki/Absorbance
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Concentration
https://en.wikipedia.org/wiki/Molar_absorptivity
https://en.wikipedia.org/wiki/Molar_absorptivity
https://en.wikipedia.org/wiki/Elastic_scattering
https://en.wikipedia.org/wiki/Destructive_interference
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𝑛 = 2𝑑𝑆𝑖𝑛𝜃   ……….      Eq. 8 

𝑑 = 𝑛/2𝑆𝑖𝑛𝜃   ………..   Eq. 9 

Where d is the spacing between diffracting planes,  is the incident angle, n is any 

integer, and λ is the wavelength of the reflected beam. The diffraction patterns from 

specific directions appear as spots in single crystals and as concentric circles in powder 

samples; which shows a regular array or the repeating arrangement of atoms within the 

crystal. The path length depends on the distances between the source and the detector.  

When a monochromatic X-ray beam with wavelength  (CuKa  = 154.18 pm) is 

projected onto a crystalline material at an angle θ, diffraction occurs only when the 

distance travelled by the rays reflected from successive planes differs by a complete 

number of wavelengths (Figure 20).  By varying the angle θ, Bragg's Law is satisfied by 

different d-spacing in  

 

Figure 20: Schematic representation of Bragg’s Diffraction. 

polycrystalline materials. Plotting the angular positions and intensities of the resultant 

diffracted peaks produces a pattern, which is characteristic of the sample. A mixture of 

different phases seen in the resultant diffractogram is formed by addition of the 

https://en.wikipedia.org/wiki/Diffraction_pattern
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individual patterns.  The diffraction characteristics of any set of planes are governed by 

their inter-plane spacing or d-spacing.  The relationship between the Miller indices and d-

spacing for a given set of planes is determined using 3D geometry.  This relationship is 

termed an indexing equation as it is used to assign Miller indices to each reflection in a 

powder XRD pattern in a process known as indexing.  Using Pythagoras’ theorem it can 

be shown that the indexing equation for the cubic crystal system is; 

                                                                                   …………  Eq. 9  

In the cubic crystal system only one unknown, a, links the d-spacing to the Miller 

indices. For the other crystal systems the indexing equations get successively more 

complex.  For example in the orthorhombic crystal system the d-spacing and the Miller 

indices are related via three unknowns a, b and c.  

 

                                                                               …………    Eq. 10 

Single-crystal X-ray diffraction data for the dithiocarbamato complexes of tin(II) were 

collected using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) on a Bruker 

APEX diffractometer. The structure was solved by direct methods and refined by full-

matrix least squares on F2.  

Nuclear Magnetic Resonance (NMR)
 
[3-6] 

NMR technique is considered as a physical phenomenona in which atomic nuclei 

resonate in a magnetic field, absorb and re-emit electromagnetic radiation. This energy 

depends on a specific resonance frequency which in turn depends on the strength of the 

magnetic field and the magnetic properties of the isotope of the atoms. Each nucleus 

possesses nuclear angular momenta, I which is specific for each type of nucleus and takes 

integer or half integer values. Each nucleus possesses the corresponding magnetic 
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quantum numbers m, ranging from +I to –I. In the absence of a magnetic field, the 

energy of an isolated nucleus is independent of the quantum number mI.  However, when 

a magnetic field of strength B is applied in a direction z, a magnetic moment m would 

have energy U given by; 

                                                                            ……………….     Eq. 11 

There are thus 2I+1 non-degenerate energy levels shown in Figure 21 corresponding to 

the 2I + 1 values of mI and are separated by 1 unit of angular momentum. The chemical 

shift (δ) is quoted in parts per million or ppm. 

 

 

Figure 21: Schematic representation of degenerate energy level in an applied magnetic 

field. 

The reference nucleus for 
1
H and 

13
C NMR is usually referred to that of tetramethylsilane 

(TMS) which possesses 12 identical protons in the same chemical environments and only 

four carbon toms in the same environment. In this molecule the nuclei de-shielded more 

strongly than those in TMS take positive value whereas more shielded ones take negative 

values.  

BmBU Iz  
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Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDX)
 
[7, 8] 

Films were carbon coated using Edward’s E306A coating system before carrying out 

SEM and EDX analyses. SEM analysis was performed using a Philips XL 30FEG and 

EDX was carried out using a DX4 instrument. SEM electron microscope  makes use of a 

focused beam of electrons to scan the images of a sample. Specimens can be observed in 

high and medium vacuum, in low vacuum, in wet conditions (in environmental SEM), 

and at a wide range of cryogenic or elevated temperatures. The surface morphology and 

composition of the samples were analysed by the secondary electrons emitted by the 

atoms excited by the beam of electrons. SEM can produce resolution better than 1 

nanometre. The number of secondary electrons produced depends on the angle at which 

beam meets the surface of specimen (topography). By scanning the sample and collecting 

the secondary electrons with a special detector, an image displaying the topography of 

the surface is created. SEM signals include secondary electrons (SE), back-scattered 

electrons (BSE), characteristic X-rays, light cathodoluminescence (CL), specimen current 

and transmitted electrons. Secondary electron detectors are standard equipment in all 

SEMs, but it is rare that a single machine would have detectors for all possible signals. 

The signals result from interactions of the electron beam with atoms at or near the surface 

of the sample. SEM micrographs have a large depth of field  due to the very narrow 

electron beam. BSE are the beam electrons reflected from the sample by elastic 

scattering. BSE are often used in analytical SEM along with the spectra made from the 

characteristic X-rays, because the intensity of the BSE signal is strongly related to the 

atomic number (Z) of the specimen. BSE images can provide information about the 

distribution of different elements in the sample. Characteristic X-rays are emitted when 

https://en.wikipedia.org/wiki/Electron_microscope
https://en.wikipedia.org/wiki/Secondary_electrons
https://en.wikipedia.org/wiki/Backscatter
https://en.wikipedia.org/wiki/Backscatter
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Cathodoluminescence
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https://en.wikipedia.org/wiki/Elastic_scattering
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the electron beam removes an inner shell electron from the sample, causing a higher-

energy electron to fill the shell and release energy. These characteristic X-rays are used 

to identify the composition and measure the abundance of elements in the sample. 

Transmission Electron Microscopy (TEM) [9] 

In this technique images of ultrathin specimens are produced by the interaction with a 

transmitted beam of electrons passing through it. The image is then magnified 

and focused onto a fluorescent screen, or on a photographic film, or to a sensor such as 

a CCD camera. TEMs are capable of imaging at a significantly 

higher resolution than other light microscopes, owing to small de Broglie wavelength of 

electrons which enable the TEM instrument to examine fine details thousands of times 

smaller than the ones that can be seen in a light microscope. TEM   is one of the major 

forms of analysis method used in both physical and biological sciences. TEMs find 

applications mainly  in materials science research,  cancer research,  

semiconductor research,  pollution and nanotechnology. 

According to de Broglie hypothesis all matter  such as electrons shows wave particle like 

behaviour. The waves produced by matter are called matter waves or de Broglie waves. 

The wavelength, λ, associated with a massive particle and is related to its momentum, p, 

through the Planck constant, h is called de Broglie wavelength which can be calculated. 

                                           = h/p             …………     Eq.12 

The TEM images produce contrast by the absorption of electrons in the material which 

depends on the thickness and composition of the material. The projector lenses allow the 

correct positioning of this electron wave distribution.  It mainly depends on the mode of 

operation. In some complex imaging techniques by changing the ability to change lens 

strength or to deactivate a lens, allows many different operating modes based on the 
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particular interest to the investigator. TEM is used to observe chemical identity, 

orientations in crystal, electronic structure etc.  

The bright field imaging mode is the most common operation mode for a TEM. The 

thicker regions or regions with a higher atomic number of the sample appear as dark and 

no sample regions will appear bright. This dark and bright field give two dimensional 

projection of the sample along the optic axis.  When the electron beam undergoes Bragg 

scattering, the samples can exhibit diffraction contrast in crystalline sample. By placing 

the apertures in the back focal plane with desired Bragg reflections, the regions with no 

samples appear dark. This is known as a dark-field image. Crystal structure of a sample 

can be investigated by a high-resolution transmission electron microscopy (HRTEM). 

Based on the differences in phase of electron waves with the specimen images are 

formed. The images depend on the number of electrons hitting the screen, which give a 

phase contrast.  By adjusting the magnetic lenses in the back focal plane of the lens in 

place of the imaging plane produce a diffraction pattern. For crystalline samples the 

diffraction patterns consists of a pattern of dots or a series of rings in the case single 

crystal. The single crystal diffraction patterns depend upon the orientation of the 

specimen and the structure of the sample illumination. The diffraction image provides 

information about the space group  and the crystal's orientation 

Electron energy loss (EELS) is an advanced technique for TEMs using magnetic 

sector based devices known as EELS spectrometers. These devices allow the selection of 

particular energy values based on the electron-electron interaction with the sample. This 

technique is used for the identification of different elements in a sample and also can be 

used to generate an image which provides different elemental composition, based upon 

the atomic transition during electron-electron interaction. EELS spectrometers can be 

operated in spectroscopic and imaging modes by allowing for isolation or rejection 

of beams of elastically scattered electrons. TEM was performed using a Philips CM200 

https://en.wikipedia.org/wiki/Bragg_scattering
https://en.wikipedia.org/wiki/Bragg_scattering
https://en.wikipedia.org/wiki/Diffraction_pattern
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(200 kV) microscope. Samples were briefly ultrasonicated in toluene, which produces a 

suspension and then a drop of the suspension was placed on a carbon-coated copper grid. 

Raman spectroscopy [10]
 

This technique is a vibrational spectroscopic technique used to analyse the fingerprint 

region of molecules. It is similar to IR spectroscopy. However, the IR bands arise from a 

change in the dipole moment of a molecule due to an interaction of light with the 

molecule, Raman bands arise from a change in the polarizability of the molecule due to 

the same interaction. When the energies of these transitions are plotted as a spectrum, 

they can be used to identify the molecule as they provide a “molecular fingerprint” of the 

molecule being observed. Certain vibrations that are allowed in Raman are forbidden in 

IR, whereas other vibrations may be observed by both techniques although at 

significantly different intensities thus these techniques can be thought of as 

complementary. When a beam of light fall upon a molecule, photons are absorbed by the 

material and scattered. Majority of these scattered photons have exactly the same 

wavelength as the incident photons and are called as Rayleigh scatter. In the scattering 

process, the incident photon excites an electron into a higher energy level called virtual 

states and then the electron decays back to a lower level, emitting a scattered photon. In 

Rayleigh scattering the electron decays back to the same level from which it started and 

thus it is often referred as elastic scattering. In the Raman effect the electron excited in 

the scattering process decays to a different level than that where it started and is termed 

inelastic scattering. 

The energy difference between the incident and scattered photons is represented by the 

arrows of different lengths in Figure 22. Numerically, the energy difference between the 

initial and final vibrational levels, , or Raman shift in wave numbers (cm
-1

), is 
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calculated through Eqn. 13 in which incident and scattered are the wavelengths (in cm) of 

the incident and Raman scattered photons, respectively.  

                       = 1/incident -1/scattered   …………….Eqn. 13 

 

Figure 22: energy level diagram for Raman scattering (a) Stokes and (b) anti-Stokes 

Raman scattering.  

The vibrational energy is ultimately dissipated as heat. Because of the low intensity of 

Raman scattering, the heat dissipation does not cause a measurable temperature rise in a 

material. At room temperature the thermal population of vibrational excited states is low, 

although not zero. Therefore, the initial state is the ground state, and the scattered photon 

will have lower energy (longer wavelength) than the exciting photon. This Stokes shifted 

scatter is what is usually observed in Raman spectroscopy. Figure 22 (a) depicts Raman 

Stokes scattering. A small fraction of the molecules are in vibrationally excited states. 

Raman scattering from vibrationally excited molecules leaves the molecule in the ground 

state. The scattered photon appears at higher energy, as shown in Figure 22 (b). At room 

temperature the anti-Stokes-shifted Raman spectrum is always weaker than the Stokes-

shifted spectrum and since the Stokes and anti-Stokes spectra contain the same frequency 

information most Raman experiments look at Stokes-shifted scatter only. 
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The energy of a vibrational mode depends on molecular structure and environment. 

Atomic mass, bond order, molecular substituents, molecular geometry and hydrogen 

bonding affect the vibrational force constant which, in turn dictates the vibrational 

energy. Vibrational Raman spectroscopy is not limited to intramolecular vibrations. 

Crystal lattice vibrations and other motions of extended solids are Raman-active. Their 

spectra are important in such fields as polymers and semiconductors. In the gas phase, 

rotational structure is resolvable on vibrational transitions. Raman spectra of the 

nanomaterials and thin films were analysed in Renishaw system 1000 with a 632 nm 

HeNe laser available in School of Materials University of Manchester.  

X-ray photoelectron spectroscopy (XPS)
 
[11, 12]

 

XPS is a surface chemical analysis technique that can be used to analyze the surface 

chemistry of a material in its as-received state. It also used as a quantitative spectroscopic 

technique to measure the elemental composition in the parts per thousand ranges of the 

material. XPS techniques used to find empirical formula, electronic state  and chemical 

state  of the elements that present in a material. The spectra are collected  by irradiating 

the material with a beam of  X-rays, meanwhile measuring the kinetic energy and number 

of electrons simultaneously escaping  from the top 0 to 10 nm surface  of the material. 

XPS technique works at high vacuum (P ~ 10
−8

 mBar) or ultra-high vacuum (UHV; P < 

10
−9 

mBar) conditions. Photo emitting surface with uniform charge neutralization was 

achieved by exposing the surface to low energy electrons using a magnetic immersion 

lens system (Kratos Ltd) at pressure was 1 x 10
-9

 mBar. Spectra collected were analysed 

by subtracting a Shirley background and then fitting peaks using a mixed 

Gaussian/Lorenzian line shape. During the peak fitting, spin orbit split components were 

constrained to have identical line width, elemental spin orbit energy separations and 

theoretical spin orbital area ratios. The XPS spectra were recorded using a Kratos Axis 
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Ultra spectrometer employing a monochromatic Al-Kα X-ray source and analyser pass 

energy of 80 eV for survey scans and 20 eV for elemental scans. The binding energy 

electron of each of the emitted electrons can be determined by the equation 14 based on 

Ernest Rutherford’s work; 

  Ebinding = Ephoton – (Ekinetic + )             …………..   Eq. 14 

Where, Ebinding is the binding energy of the electron, Ephoton is the energy of the X-ray 

photons used; Ekinetic is the kinetic energy of the electron as measured by the instrument 

and    is the work function  which depends on both the spectrometer and the material. 

The work function term   is an adjustable instrumental correction factor. 

Magnetic measurements Magnetic susceptibility [13]
 

The application of a magnetic field creates a slight alignment of individaul moments and 

hence a low magnetization in the same direction as the applied field. As temperature 

increases, the thermal agitation also increases and it becomes harder to align the atomic 

magnetic moments and hence the susceptibility (χ) also decreases. This behaviour is 

known as the Curie law and is given by equation 15                      

                                      χ = 
𝐶

𝑇
                 …………Eq. 15 

Where C is material constant called the Curie constant, T- Absolute temperature (K). If 

we consider two interacting spins of equal amplitude. A plot of χT versus T, the curve 

representing the ferromagnetically-coupled material curves up, the curve for the 

paramagnet is a horizontal line, and the curve for the antiferromagnetically-coupled 

material curves down.  

In case of ferrite materials Curie law is a special case of the more general Curie- Weiss 

law, which incorporates a temperature constant () and derives from Weiss theory, 

https://en.wikipedia.org/wiki/Electron_binding_energy
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proposed for ferromagnetic material, that incorporates the interaction between magnetic 

moments. 

                                        χ = 
𝐶

𝑇−
            ……………..  Eq. 16 

In this equation,  can either be positive, negative or zero.  

If we plot χ
-1

 versus T there are three possible outcomes: for paramagnetic materials, θ = 

0 K and its x-intercept = 0 K, an example the ferromagnetically-coupled material has θ = 

1 K and its x-intercept = 1 K, and the same relationship applies for the 

antiferromagnetically-coupled material but with a negative value. The Curie constant, 

can be determined from the slope of χ
-1

 vs. T which is C
-1

. 

SQUID magnetometers contain a large superconducting magnet which provides a 

uniform field in which the sample is magnetised. The sample is then oscillated 

perpendicular to the field within a superconducting detection coil through which a 

current is induced. By determination of the voltage of the induced current it is then 

possible to calculate the susceptibility of the sample. A micro SQUID operates under the 

same principles as SQUID magnetometry, but at much lower temperatures (often sub-

Kelvin) and on smaller samples (usually very small single crystals). Magnetic 

measurements of the thin films and nanoparticles were performed in the temperature 

range 1.8-300 K, by using a Quantum Design MPMS-XL SQUID magnetometer. The 

diamagnetic corrections for the compounds were estimated using Pascal's constants, and 

magnetic data were corrected for diamagnetic contributions of the sample holder.  
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Routes to tin chalcogenide materials as thin films
or nanoparticles: a potentially important class of
semiconductor for sustainable solar energy
conversion

David J. Lewis,*a,b Punarja Kevin,a Osman Bakr,c Christopher A. Muryn,a

Mohammad Azad Malika and Paul O’Brien*a,b

Thin films of tin chalcogenides may find use in photovoltaic devices, and nanocrystals of such materials

are attractive due to their tuneable band gaps and potential in photovoltaic, photonic and optoelectronic

applications. Tin(II) sulfide (SnS) is of particular interest due to its band gap of 1.4 eV, which is similar to

that of silicon (1.1 eV). This review seeks to provide an overview of the chemical routes currently known

for the synthesis of tin chalcogenides as thin films or in nanocrystalline form, as well as exploring routes

to copper zinc tin sulfide (CZTS) and mesoporous tin chalcogenides.

1. Introduction

Tin is a group IV element typically classified as a hard acid in
Pearson’s hard-soft acid–base (HSAB) paradigm. There is inter-
esting redox chemistry and both tin(II) and tin(IV) species, and
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its organometallic and metal–organic complexes are stable, it
also has a wide-range of alloy compositions with various pro-
perties. Tin chalcogenides of the type SnE where E = S, Se or
Te have recently attracted considerable interest due to their
semiconducting properties. Typically, these materials are
observed to have intense absorption across the electromag-
netic (EM) spectrum, and narrow band gaps and they therefore
have potential as materials for optoelectronic and photovoltaic
applications. A summary of band gaps in relation to the atmos-
pheric solar spectrum is presented in Scheme 1. Tin is a far
less toxic and, indeed, a relatively earth-abundant metal com-
pared with many of other elements used in semiconductor
materials. There has been great interest in the controlled depo-
sition of thin films of tin chalcogenides and the synthesis of
tin chalcogenide nanocrystals of controlled size and shape
with tuneable band gaps.

Photovoltaic cells are devices that convert photons into
direct-current electricity by the photovoltaic effect. Solar cells
rely on an absorber layer that can absorb photons and produce
an exciton (electron–hole pair) that can be separated in space
to produce an electrical current in a circuit. In this sense,
photovoltaic cells act as diodes in parallel with a current
source.1 Measurement of the current vs. voltage behaviour
under illumination allows the characteristics of the photo-
voltaic cell to be determined. The maximum current possible
is known as the short circuit current (ISC) whilst the maximum
voltage occurs at open circuit (VOC). The overall power conver-
sion efficiency (PCE, η) is defined as the ratio of the optical

power in and the electrical power out:

η ¼
Pmax;electrical

Pmax;optical

The so-called fill factor (FF) of a photovoltaic cell is defined
as the ratio of the maximum electrical power to the product of
the short circuit current and open circuit voltage so that:

FF ¼

Pmax;electrical

VOCISC

And thus the PCE of a photovoltaic cell can be defined as:

η ¼
VOCISCFF
Pmax;optical

where Pmax,optical is the product of the solar irradiance and the
surface area of the active layer of the cell. The sun itself is a
black-body emitter with peak emission around 500 nm, the
full emission spectrum of which is attenuated by the absorb-
ing species in the atmosphere (Scheme 1). The angle at which
the sun hits the absorbing layer as well as the climate can
affect device PCE; thus to standardise the measurement con-
ditions a solar irradiance of 1000 W m−2 with an air mass of
1.5 is used (ASTM G173-03) and a cell temperature of 298 K
when reporting PCEs. These conditions correspond to a cloud-
less day with sunlight incident on a 37°-tilted surface and the
sun itself at 41.81° above the horizon.
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Tin sulfide is a promising material for the absorber layer in
solar cells, primarily due to the earth-abundant elements com-
prising the material but secondly it has an optical band gap
commensurate with that of silicon (1.1 eV). It absorbs light
across the visible spectrum, typically with absorption coeffi-

cients of the order of 104–105 (Fig. 1). The highest efficiency
for a solar cell using SnS as an absorber layer was recently
reported by Gordon and co-workers to be 4.4% under standard
test conditions,2 though this PCE is far from optimal; theore-
tical PCEs for SnS are ca. 24%.3
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Scheme 1 The optical band gaps of selected semiconductors with respect to the atmospheric solar emission spectrum.
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This review outlines methods for the deposition of thin
films of binary tin chalcogenides, specifically the sulfides
(SnS), selenides (SnSe) and tellurides (SnTe), as well as cover-
ing methods to make their nanocrystalline analogues. We
outline some of the latest research into the quaternary tin
chalcogenide material copper zinc tin sulfide, Cu2ZnSnS4
(CZTS), which is a potentially low-cost and sustainable
material for solar energy conversion. We also detail research
into mesostructured tin chalcogenide materials. The appli-
cations for these materials are discussed on a case-by-case
basis. The reader should gain a sense of the avant garde as
well as new and future directions in this field.

2. Tin sulfides

Tin sulfides are a class of IV–VI semiconductors which exists
in three main forms: SnS, SnS2 and Sn2S3. Tin can take co-ordi-
nation numbers from 2 to 9 and often displays varying
bonding preferences, commonly tetrahedral, trigonal bipyra-
midal and octahedral for tetravalent tin.

The structures of orthorhombic SnS, SnS2 and Sn2S3 give
unambiguous information regarding the arrangement of
atoms around the Sn2+ and Sn4+ ions in the different types of
tin sulfide (Fig. 1). SnS crystallizes in a deformed NaCl struc-
ture (herzenbergite) containing double layers of Sn and S
atoms which are tightly bonded. The layers are weakly held
together by van der Waals forces. Each Sn2+ ion is bonded to
six sulfur atoms in a distorted octahedral geometry, with three
short (ca. 2.7 Å) and three long (ca. 3.4 Å) bonds in an octa-
hedral configuration. Interestingly, SnS is known to undergo a

transformation from a GeS to a TlI-type structure above 605 °C
with movement of Sn and S along the [100] direction, caused
apparently by thermal expansion.

Tin disulfide (SnS2) most often exists in the PbI2 layered
structure in which the Sn4+ centres are coordinated to six
sulfur atoms at ca 2.6 Å. The layers are comprised of edge-
sharing octahedral SnS6 units, which stack along the crystallo-
graphic c-axis with weak van der Waals interactions. A rich
coordination chemistry of tin sulfides has been developed and
has been discussed by Ozin et al.4 The polytypism observed in
SnS2 leads to over seventy different forms with hcp layers, but
with varying c parameters in the unit cell.4 Sn2S3 is a mixed
valence compound with ribbon like structure. The Sn2+ ion is
coordinated with sulfur in a trigonal bipyramidal geometry
through two Sn–S distances of ca. 2.6 Å and ca. 2.7 Å. The Sn4+

sites in the ribbon are octahedrally coordinated with Sn–S dis-
tances of ca. 2.5–2.6 Å.

Tin sulfides have attracted attention as sustainable low-cost
materials for photovoltaic solar energy absorbers. The bulk
band gaps of the tin sulfides SnS, SnS2 and Sn2S3 are 1.4 eV,
2.3 eV and 1.1 eV respectively.5 All the forms of tin sulfides
exhibit semiconducting properties, though as alluded to above
SnS has attracted most attention due to its direct electronic
band gap of 1.4 eV which is commensurate with the
current industry-standard semiconductors silicon and gallium
arsenide (Scheme 1).

2.1. Synthetic routes to tin sulfide thin films

A myriad of methods have been reported for the controlled
deposition of tin sulfide thin films. Ray et al. reported the syn-
thesis of tin(II) and tin(IV) sulfide thin films by dip deposition.6

Fig. 1 Local Sn environments in (a) SnS, (b) SnS2 and (c) Sn2S3; and Sn⋯S connectivity in (d) SnS, (e) SnS2 and (f ) Sn2S3. (Sn(II)-grey, Sn(IV)-violet,

S-yellow). Reprinted with permission from Ramasamy et al., Chem. Mater., 2013, 25, 266–276. Published 2013 American Chemical Society.
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Glass substrates were immersed in an methanolic solution of
tin(II) chloride and thiourea followed by annealing at either
300 °C or 360 °C to produce the films. Optical measurements
of the films established band gaps of 1.4 eV and 2.4 eV for SnS
and SnS2 films respectively by photoconductivity measure-
ments. Transmission spectra of SnS films demonstrated their
absorbance over the majority of the visible spectrum (Fig. 2).

The films were observed to be granular in appearance by
SEM. Abou Shama et al. used thermal evaporation to deposit
thin films of SnS on glass substrates at two temperatures.7 In
this technique, a beam of electrons is targeted at the precursor
materials immobilised on a substrate. The kinetic energy of
the electrons is partially converted to thermal energy on
impact, and the precursor components mutually decompose
to the product. Analysis of films by powder XRD showed that
films deposited at 27 °C were amorphous whilst those de-
posited at 145 °C were crystalline. Band gaps of 1.4 eV (indir-
ect) and 2.2 eV (direct) for the amorphous films and 1.4 eV
(indirect) and 2.3 eV (direct) for annealed crystalline films were
determined.

Chemical bath deposition (CBD) is a cheap and versatile
method for the large-area deposition of thin films relying on
the spontaneous decomposition of precursors in solution to
coat an immersed substrate. Variables such as bath tempera-
ture and solution pH can be adjusted to tune deposition. Ultra-
sonication can also be used to modulate the process. Ristov
et al. used CBD to deposit SnS thin films onto glass substrates
using a two-bath process with separate aqueous solutions of
tin(II) chloride and either Na2S or (NH4)2S. The substrate was
first immersed at room temperature in a solution of the sulfur
source, followed by immersion in a bath of the metal salt at
80–90 °C.8 Nair et al. deposited SnS thin films at 60 °C from a
5% acetone solution in water containing tin(II) chloride and
thioacetamide as the precursors with a mixture of amines.9

Engelken et al. used elemental sulfur and tin(II) chloride to
deposit SnS thin films at 90 °C from propionic acid solution.10

Tanusevski prepared SnS thin films from tin(II) chloride and
sodium thiosulfate in water at pH 7 with a post-deposition

annealing at 250–300 °C.11 Gao and co-workers used CBD and
the same tin and sulfur sources to investigate the influence of
deposition temperature in the range 60–80 °C and precursor
concentration ratios on the morphologies, compositions and
optoelectronic properties of the deposited SnS thin films.12 It
was found that high temperatures were detrimental to film
compactness, whereas increasing the S to Sn ratio in the pre-
cursor mixture increased the compactness. The dark conduc-
tivities and photoconductivities of the films were found to
increase with deposition temperature and S to Sn ratio. Band
gaps in the range 1.0–1.3 eV were measured, with optical
absorption edges located in the range 950–1200 nm with
intense absorbance across the visible and near-infrared
regions of the electromagnetic spectrum (Fig. 3), of impor-
tance for photovoltaic applications.

Direct chemical vapour transport (CVT) was used by Arora
et al. to grow crystalline thin films of SnS2 using stoichiometric
amounts of elemental tin and sulfur as the precursors and
traces of iodine to assist transport.13 The elements were heated
to over 600 °C in a sealed vessel which was cooled extremely
slowly to deposit the crystals. Crystal growth was found to be
greatly dependent on temperature, with variations of 1 °C
found to significantly alter quality of the deposited crystallites.
The optoelectronic properties of crystallites grown in this way
have been measured with direct and indirect band gaps 2.1 eV
observed.14 Other approaches toward the growth of tin sulfide
films have included atomic layer deposition,15 spray pyrolysis16

and melt growth.17

Arguably the most popular approach for the deposition of
thin tin sulfide films has been metal–organic chemical vapour
deposition (MOCVD).18–21 A molecular precursor (or precursor
mixture) is delivered as a vapour to a solid substrate, typically
glass, and the precursors decomposed at moderate to high

Fig. 2 Visible transmission spectrum of SnS films produced by Ray et al.

using dip deposition.6 Reprinted from Ray et al., Thin Solid Films, 1999,

350, 72–78. Copyright 1999 with permission from Elsevier.

Fig. 3 Combined transmittance-reflectance curves for SnS films pro-

duced by Gao and co-workers by chemical bath deposition with band

gaps in the range 1.0–1.3 eV.12 Reprinted from Gao et al., Thin Solid

Films, 2012, 520, 3523–3527. Copyright 2012 with permission from

Elsevier.
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temperatures to leave a residue of the products on the sub-
strate, with volatile elements carried away as vapour.22 These
methods have the attraction of being able to deposit relatively
large area films over relatively short periods of time compared
with other techniques.

CVD using single-source precursors possesses some poten-
tially intrinsic advantages over other techniques.23 The pres-
ence of a single molecular entity in the supply stream can
avoid pre-reactions, important for semiconductor applications
as the presence of impurities is detrimental, often scaling non-
linearly with device performance. Various single source precur-
sors for the deposition of tin sulfide thin films have been
investigated in recent years, examples of which include: tin
thiolates, Sn(SCH2CF3)4, Sn(SPh)4 and Sn(S-cyclohexane)4,

19,24

tin dithiolates Sn(SCH2CH2S)2,
25 tin dithiocarbamates Sn-

(S2CNEt2)4
24 and unsymmetrical organotin dithiocarb-

amates.26 Some of these precursors require the employment of
hydrogen sulfide gas as a sulfur source to deposit tin sulfide,
this approach being undesirable due to the high toxicity of
hydrogen sulfide. Recently, O’Brien and co-workers have
studied the deposition behaviour of tribenzyltinchloride–thio-
semicarbazone compounds by aerosol assisted chemical
vapour deposition (AACVD).18 O’Brien and co-workers have
also reported the synthesis and characterization of symmetric
and unsymmetric diorganotin dithiocarbamates as single
source precursors for tin(II) sulfide.27 Single source precursors
[Sn(C4H9)2(S2CN(RR′)2)2] (R,R′ = ethyl; R = methyl, R′ = butyl;
R,R′ = butyl; R = methyl, R′ = hexyl; and [Sn(C6H5)2(S2CN-
(RR′)2)2] (R,R′ = ethyl; R = methyl, R′ = butyl; R,R′ = butyl; R =
methyl, R′ = hexyl were synthesized, with crystal structures
obtained for three derivatives (Fig. 4). Aerosol-assisted chemi-

cal vapour deposition (AACVD) at temperatures from 400 °C to
530 °C deposited thin films of orthorhombic tin(II) sulfide,
confirmed by powder X-ray diffraction.

The morphology of films deposited using toluene solutions
of precursors was characterized by SEM (Fig. 5 and 6). In all
cases, sheet-like crystallites were deposited from precursors
with variation in size the only difference between films,
suggesting that variation in alkyl group on external coordi-
nation zone does not have profound effect decomposition
pathway, and therefore the products produced. The mor-
phology of crystallites deposited by this method is markedly
different from the films deposited using tin(IV) dithiol, dithio-
lates and thiosemicarbazone complexes by AACVD.18,20 Spheri-
cal crystallites with sheet-like morphology have been observed
in LPCVD growth of SnS films. This tends to indicate that the
aerosol of precursor solution does not play a major role in
morphology of SnS films.

2.2. Synthetic routes to tin sulfide nanocrystals

A variety of methods have been employed to prepare tin sulfide
nanostructures including: hydrothermal28 and solvothermal29

routes, hot injection methods,30 aqueous solution methods31

and polyol methods,32 the latter which exploits the reducing
properties of high boiling glycols towards a suitable metal salt
precursor.

Triangular and spherical SnS nanocrystals have been pro-
duced by Eychmüller and co-workers by the hot injection of an
oleylamine solution of thioacetamide into a mixture of bis[bis-
(trimethylsilyl)amino]tin(II), oleic acid, trioctylphosphine
(TOP) and octadecene at 170 °C.30 The temperature of the
reaction mixture falls to 125 °C and is then held there for

Fig. 4 Diorganotin dithiocarbamate single source pre-cursors developed by O’Brien and co-workers for the deposition of SnS thin films.27

Reprinted with permission from Ramasamy et al., Chem. Mater., 2013, 25, 266–276. Published 2013 American Chemical Society.
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3–5 minutes, followed by cooling to ambient temperature. The
oleic acid–oleylamine ratio can be varied to establish control of
nanocrystal shape (Fig. 7). The absorption profile of the 7 nm
diameter nanocrystals produced by this method is dominated
by scattering, with an indirect band gap of 1.6 eV reported. A
similar synthetic procedure has been used by Schaak and co-
workers to produce SnS cubes and polyhedra which display a
pseudo-tetragonal distortion of their unit cells.33

Similarly, Liu et al. have used the reaction of bis(trimethyl-
silyl)sulfide with tin(II) chloride to enable the fast nucleation

of purely orthorhombic nanocrystals of SnS in a mixture of
octadecene and oleylamine.34 The nanocrystals produced by
this method were characterised by TEM, HRTEM and EDX,
which revealed that the particle size could be controlled by
varying the reaction temperature; 6 nm, 12 nm and 20 nm dia-
meter particles are produced at 120 °C, 150 °C and 210 °C
respectively. A direct band gap of 1.3 eV for the nanocrystals
was revealed from optical absorbance measurements, with no
quantum confinement effects observed regardless of the dia-
meter of the nanocrystals. Spin coating of the nanocrystals

Fig. 5 SEM images of SnS films deposited f on glass substrates from [Sn(C4H9)2(S2CN(C2H5)2)2] at (a) 450 °C, (b) 500 °C, and from [Sn(C4H9)2(S2CN-

(CH3)(C4H9))2] (c) 450 °C and (d) 500 °C.27 Reprinted with permission from Ramasamy et al., Chem. Mater., 2013, 25, 266–276. Published 2013

American Chemical Society.

Fig. 6 SEM images of SnS films deposited on glass substrates from [Sn(C4H9)2(S2CN(C4H9)2)2]. (a) 450 °C, (b) 500 °C and from [Sn(C4H9)2(S2CN-

(CH3)(C6H13))2] at (c) 450 °C and (d) 500 °C.27 Reprinted with permission from Ramasamy et al., Chem. Mater., 2013, 25, 266–276. Published 2013

American Chemical Society.
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onto indium tin oxide (ITO) substrates followed by treatment
with methanol afforded an enhanced photoresponse com-
pared with non-treated films thus rendering them better-
suited for solar energy conversion.

Tilley and co-workers have reported a room-temperature
synthesis of SnS nanocrystals using the reaction of tin(II)
bromide and sodium sulfide in the presence of various
ethanolamine ligands: triethanolamine (TEA), N-methyldiethanol-
amine (MDEA) N,N-dimethylethanolamine (DMEA).35 SnS par-
ticles with average diameters of 3.2 ± 0.5 nm, 4.0 ± 2.0 nm and
5.0 ± 4.0 nm were produced with TEA, MDEA and DMEA
respectively; the monodispersity and diameter of the particles
is thus controlled by the number of hydroxyl groups on the sta-
bilising ethanolamine ligand. EDX spectra of the particles
revealed a Sn : S stoichiometry of 1 : 1 as expected for SnS. An
indirect band gap of 1.1 eV for the DMEA-stabilised nanocrys-
tals was revealed by optical absorbance measurements. Raja-
lakshmi and co-workers produced orthorhombic SnS
nanosheets by a direct route involving the reaction of tin(II)
chloride with sodium sulfide in ethylene glycol at 80 °C.36

Optical absorbance measurements revealed a direct transition
at 1.9 eV due quantum confinement. Sohila et al. carried out
optical and Raman spectroscopic studies on SnS nanoparticles
produced using the same chemical method.37 Raman spectro-
scopy revealed that the predicted modes appeared at lower
energy in comparison to bulk SnS. Atomic force microscopy
(AFM) images of single nanoparticles were presented.

Zhang et al. have produced large single crystal SnS rect-
angular nanosheets of dimensions 7000 nm × 3000 nm ×
20 nm by pyrolysis of the 1,10-phenanthroline adduct of tin(II)
bis-(diethyl dithiocarbamate).38 The material was incorporated
as an anode in a Li-ion battery, and showed improved cycling
reversibility though capacity decrease was observed after 5
cycles, attributed to structure collapse due to the ultrathin
nature of the nanosheets. Various SnS nanostructures have
been prepared by Han et al. using the reaction of tin(II) chlor-
ide and potassium ethyl xanthate in dimethyl formamide at
180 °C.39 Nanosheets, nanoribbons, nanobelts and nanorods

Fig. 7 TEM and HRTEM (insets) of spherical and triangular SnS nanocrystals produced by Eychmüller and co-workers via hot injection-thermolysis

of precursors.30 Reprinted with permission from Hickey et al., J. Am. Chem. Soc., 2008, 130, 14978–14980. Copyright 2008 American Chemical

Society.

Fig. 8 TEM images of the nanocrystalline products obtained at various

reaction stages for the ratio of C2H5OCS2K–SnCl2 = 2.4: (a) 12 h, (b, c)

24 h, (d) HRTEM image of an individual SnS nanobelt, (e) 36 h, (f ) 48 h.39

Reprinted from Han et al., J. Alloy Compd., 2011, 509, 2180–2185.

Copyright 2011, with permission from Elsevier.
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could be produced by variation of temperature, reaction time
and ratios of reagents; for example, an excess potassium ethyl
xanthate gave SnS flower-like superstructures (Fig. 8). Optical
absorbance measurements revealed direct band gaps for rod-
based SnS flowers and belt-based SnS flowers of 1.3 eV and
1.4 eV respectively, similar to bulk SnS. Both rod-based SnS
flowers and belt-based SnS flowers displayed photo-
luminescence after excitation at 210 nm with emission
maxima at 409 nm.

A facile synthesis of SnS nanocrystals using Sn6O4(OH)4, as
the tin precursor with thioacetamide as the sulfur source in
oleic acid and oleylamine was reported by Ning et al.40 Modifi-
cation of the reaction conditions (reaction temperature and
Sn/S molar ratio) produced SnS nanocrystals with different
shapes and sizes (Fig. 9). SnS nanoparticles and nanoflowers
with the orthorhombic crystal structure were observed to
possess uniform size distributions. The SnS nanoflowers trans-
formed to polycrystalline nanoflowers, and then become amor-
phous nanosheets. The authors claim that the reduction in
crystallinity reduces the high free energy of the nanocrystals,
with the layered crystal structure of SnS claimed to be the
main reason for the shape evolution observed. Optical
measurements revealed direct and indirect band gaps of 3.6 eV
and 1.6 eV, respectively, which are both blue-shifted; indicative
of quantum confinement effects. Nanoflowers of tin sulfide
have also been synthesised by Yousefi et al. using a simple
hydrothermal reaction between tin(II) chloride and thioglycolic
acid at relatively low temperature.41 The SnS nanoflowers were
added to acrylonitrile–butadiene–styrene (ABS) copolymers.
Through thermogravimetric analysis, the thermal properties of
polymer analysis were studied: thermal decomposition of ABS
copolymers shifted towards higher temperature in the pres-
ence of the SnS nanoflowers. SnS nanoflowers and nano-
composites (ABS/SnS) were characterized by XRPD, SEM, TEM,
Fourier transform infrared (FT-IR) spectra and AFM. Cone
calorimeter measurements showed that the heat release rate
significantly decreased in the presence of SnS. Vaughn II

et al. recently reported the synthesis of SnS nanoflowers suit-
able for use as an anode material in lithium-ion batteries by
the thermolysis of tin(II) iodide with oleylamine sulfide and
hexamethyldisilazane in oleylamine at 200 °C.42 Patra et al.

have unveiled an approach toward monodisperse orthorhom-
bic SnS nanocrystals of diameter ca. 20 nm ‘in just 5 seconds’
by the reaction of tin(II) chloride with elemental sulfur in a
matrix of alkylamine and alkylphosphine.43

There has been research into control of the phase of SnS
nanocrystals, with the zinc blende phase attracting particular
attention. The driving force for this research is the search for
novel optical properties compared to the usual orthorhombic
phase; particularly the optical properties in the near-infrared
region of the EM spectrum can potentially be perturbed.
Greyson et al. described a simple seedless route towards zinc
blende SnS nano- and micro-crystals using the thermolysis of
tin(II) chloride and sulfur in oleylamine.44 SEM revealed the
tetrahedral morphology of the nanocrystals, with p-XRD used
to confirm the zinc blende phase. The mild reaction tempera-
ture (170 °C) used in this synthesis could be responsible for
the formation of the zinc blende phase; reaction at higher
temperatures (230–300 °C) gave orthorhombic SnS plates. The
plates have optical absorption characteristics commensurate
with bulk SnS, whereas the zinc blende nanocrystals absorp-
tion edge extended into the visible region of the EM spectrum.
Deng et al. have synthesised metastable SnS nanocrystals of
the zinc blende (sphaleritic) phase.45 A mixture of sulfur and
oleylamine was injected into a mixture of tin(IV) iodide and
oleylamine in the presence of hexamethyldisilazane. The dia-
meters of SnS nanocrystals produced by this method are 8 nm,
60 nm and 700 nm. Smaller nanocrystals were spherical in
shape whereas the larger particles (ca. 700 nm) displayed
unique truncated tetrahedron sixteen-facet polyhedral crystal
morphology. Optical absorption spectroscopy revealed direct
band gaps in the range 1.6–1.7 eV for the different sized SnS
nanocrystals. Cubic SnS nanocrystals have also been syn-
thesised by Ren et al. using thermolysis of tin(II) chloride and

Fig. 9 TEM images of the transition from SnS nanoflowers to nanosheets described by Ning et al. and a scheme depicting the transition process.40

Reproduced from ref. 40 with permission from The Royal Society of Chemistry.
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thioacetamide in diethylene glycol at 180–220 °C, with
triethanolamine added to control nanocrystal phase. The
nanocrystals produced either display orthorhombic or zinc
blende phase with nanorod and nanosheet morphology
respectively, depending on the triethanolamine concentration
used in the reaction.46 Orthorhombic nanocrystals produced
by this method have a direct band gap of 1.3 eV, similar to
bulk SnS. In contrast, the zinc blende phase nanocrystals
display a direct forbidden band gap of 1.7 eV.

3. Tin selenide

Tin selenide (SnSe) is a semiconducting metal chalcogenide
which currently attracts major interest for photovoltaic appli-
cations. SnSe has both indirect and direct band gaps of
around 0.9 and 1.3 eV respectively.2,47 It shares the orthorhom-
bic GeS structure with SnS (Fig. 10). Continuous solid-solu-
tions of the formula SnSxSe1−x where x = 0–1 are known. SnSe
is a useful material for energy conversion devices, in particular
displaying a variety of properties potentially expedient to
materials in photo-electrochemical (PEC) solar cells including
suppression of photocorrosion and enhancement of fill factor.
Hence, the deposition of thin films and nanoparticles in a con-

trolled manner is of great interest. We outline synthetic strat-
egies toward both phases in the following sections.

3.1. Synthetic routes to tin selenide thin films

The deposition of tin selenide films in a controlled manner is
of importance for its application in photovoltaic devices. Singh
et al. prepared SnSe microparticles by using elemental sel-
enium and tin as precursors in an evacuated bomb heated the
1150 K for 50 h.48 Tin selenide films were prepared by flash
evaporation at 1200 K of the microparticles onto either glass
slides, mica or (100) potassium chloride crystals. The films
were all found to be p-type conductors. Mathai and co-workers
used a ‘reactive evaporation’ approach to deposit SnSe thin
films with elemental tin and selenium evaporated onto a
common target kept at elevated temperatures (473–600 K).49

p-XRD was used to characterise the films, revealing the (400)
plane as the preferred orientation. Optical measurements
revealed an allowed direct band gap of 1.2 eV. SnS and SnSe
thin films were produced from single source precursors of the
type [Sn{(SiMe3)2CH}2(μ-E)]2 (where E = Se or Te) using
MOCVD and quality of deposits assessed by p-XRD, XPS and
SEM.50 The decomposition and volatility of the precursors was
assessed from TGA data. A range of temperatures and sub-
strates (metallic and non-metallic) were investigated for film
growth by CVD using a cold wall reactor. No deposition was
found on quartz or silicon with a natural oxide surface in the
temperature range of 300–600 °C. Thick films were deposited
on a (100) oriented copper surface for both compounds. SnSe
films were not efficiently deposited on quartz surfaces covered
with either sputtered gold or silver, in contrast to SnTe films,
which were deposited efficiently at temperatures as low as 300
or 400 °C for silver and gold substrates respectively. Zainal and
co-workers used alkaline media to form SnSe films on indium
tin oxide (ITO) using a chemical bath deposition approach,
where sodium selenosulfate was decomposed in aqueous
sodium hydroxide solution at pH 11.4 in the presence of tin(II)
chloride. SnSe films were found to be polycrystalline with pre-
ferred orientation in the (201) plane by p-XRD. Optical absor-
bance measurements revealed a band gap of around 1.3 eV
with a p-type direct transition.

Atmospheric pressure chemical vapour deposition (APCVD)
was used by Parkin and co-workers to deposit SnSe and SnSe2
thin films on glass substrates.51 Tin(IV) chloride and diethyl
selenide were used as precursors with deposition temperatures
in the range 300–650 °C. Deposits were observed on both the
top and the bottom of the substrates with varying film compo-
sition; EDX analysis of the films grown on top side of the
substrate revealed mostly SnSe2 whilst the same analysis per-
formed on the bottom side showed the growth of mostly SnSe.
All films were crystalline from as shown by p-XRD data, corres-
ponding with the deposition of SnSe and/or SnSe2. SEM
images demonstrated a range of morphologies including
plates for top films and flowers for bottom substrates (Fig. 11).

A thermal evaporation approach was employed by Indirajith
et al. to deposit tin selenide thin films from SnSe precursors.52

Nanoparticles were first produced by the reaction of tin(II)Fig. 10 Orthorhombic SnSe.
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chloride with elemental selenium in alkaline medium and
were characterised as SnSe by p-XRD. Nanoparticles were ther-
mally evaporated onto glass substrates at various temperatures
in the range 150–450 °C. p-XRD and EDX were used to confirm
the material type and stoichiometry as SnSe.

The single source precursor approach has also been
popular for the deposition of SnSe, Bahr et al. used phenylated
group IV–VI six-membered ring systems of the formula
(Ph2SnX)3 (where X = S, Se) to produce both SnSe and SnS thin
films.53 The thermolysis of precursors at temperatures greater
than 300 °C led to the production of either SnS or SnSe
depending on the precursor used. SEM demonstrated that SnS
films had plate-like morphologies, whilst SnSe films had a
prismatic habitat (Fig. 12).

Boudjouk and co-workers used bis(triphenyltin) chalco-
genide single source precursors of the formula (Ph3Sn)2X
(where X = S, Se and Te) to deposit polycrystalline agglomer-
ates of SnS and SnSe with plate-like morphology and SnTe with
cubo-octahedral habit as imaged by SEM.54 Precursors were
synthesised from reaction of Ph3SnCl with anhydrous Na2X in
THF in the presence of a catalytic amount of naphthalene. The
mechanism of the decomposition of precursor to metal chalco-
genide is discussed in detail and held to proceed through a
series of phenyl migrations; the compounds pyrolyse to elimin-
ate tetraphenyltin and Ph2X to leave the SnX films. Boudjouk
and co-workers have also reported linear and cyclic benzyl

substituted organotin single-source precursors of the type
(Bn3Sn)2X and (Bn2SnX)3 respectively (where X = S, Se) for the
production of SnS, SnSe films and solid solutions.55 Pyrolysis
of linear precursors led to the formation of SnX contaminated
by elemental tin. In contrast, pyrolysis of cyclic precursors led
to the formation of pure SnX. Mixtures of the two cyclic Se and
S-containing precursors led to the formation of solid solutions
of the formula SnS1−xSx. Brennan and co-workers used a
homoleptic tin(II) pyridylselenoate complex of the formula
[Sn(2-SeC5H4N)2] to deliver SnSe using pyrolysis.56 The
reported complexes are quite suitable for CVD. Using similar
complexes, Sharma et al. attempted the deposition of tin sele-
nide thin films onto silicon or glass substrates by AACVD
using diorganotin(IV) 2-pyridyl selenolate single source precur-
sors of the formula [R2Sn(2-SeC5H4N)2] where R = Me, Et or
tBu.57 Although the three organometallic complexes were
tested for deposition, it was found that only the di-tert-butyl
derivative was effective in the formation of orthorhombic SnSe
films (the latter elucidated by p-XRD), and even the then the
temperature range was severely limited; no deposition was
observed below 490 °C and coverage deemed poor for depo-
sition temperatures above 530 °C. SEM demonstrated rec-
tangular sheet-like morphologies for films grown on glass
substrates while those grown on silicon substrates possessed
wool-like morphology (Fig. 13). The photovoltaic properties of
the films grown in this manner were reported.

Fig. 11 SEM images of SnSe thin films produced by Parkin and co-workers by APCVD from two different ratios of tin(IV) chloride to diethyl selenide.

(a) & (b) SnCl4–Et2Se = 1 : 1. (c) & (d) SnCl4–Et2Se = 10 : 1.51 Reprinted from Boscher et al., Thin Solid Films, 2008, 516, 4750–4757. Copyright 2008,

with permission from Elsevier.
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Kumar et al. reported the synthesis of SnSe thin films from
SnSe pulverised powder using thermal evaporation onto a
glass substrate at 350 K.58 The films were found to be polycrys-
talline and orthorhombic with preferred orientation in the
(111) plane. Crystalline size, strain and dislocation density
were calculated from the p-XRD pattern. SEM results of the
studies shows that the SnSe films exhibited uniformly distribu-
ted grains over the entire surface of the substrate. The average
sizes of the grains were reported to be 16 nm. Optical measure-
ments revealed a direct band gap of 1.9 eV. A shallow donor
level near conduction band, around 0.3 eV, was confirmed
through calculation of activation energies from temperature
dependent resistivity measurements.

3.2. Synthetic routes to tin selenide nanoparticles

Wang and co-workers studied the production of nanocrystal-
line SnSe from a range of alkaline solutions using tin(II)

chloride and elemental selenium as precursors.59 Products
from solutions of sodium hydroxide, ammonium hydroxide,
ethylenediamine and hydrazine hydrate at a range of different
temperatures were investigated. Various morphologies and
preferred orientations were revealed by SEM and p-XRD, the
latter demonstrating growth predominantly in either the (400)
or (111) orientations depending on the conditions employed.
In the case of deposition from sodium and ammonium
hydroxides, high temperatures (>170 °C) were found to be
unsuitable for deposition due to decomposition of the SnSe
product.

Pejova et al. have reported a chemical bath deposition tech-
nique of SnSe nanocrystals as thin films onto glass substrates
using a solution of tin(II) chloride in the presence of sodium
selenosulfate at pH 9.60 Ethylene diamine tetraacetic acid
(EDTA) was used to modulate the rate of the deposition as if
the metal is sequestered. A pre-deposition treatment involving

Fig. 12 SnSe produced by Bahr et al. from a cyclic single source precursor of the type (Ph2SeSn)3.
53 Reprinted with permission from Bahr et al.,

Chem. Mater., 1992, 4, 383–388. Copyright 1992 American Chemical Society.

Fig. 13 SEM and AFM images of SnSe films deposited by AACVD from diorganotin(IV) 2-pyridyl selenolate single source precursors.57 Reproduced

from ref. 57 with permission from The Royal Society of Chemistry.
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immersion of the glass substrates into a solution of tin(II)
chloride followed by thermal annealing was used to assist
growth, the latter held to be by the formation of seed crystals
of tin(II) oxide which improve both film growth and adhesion.
Nanocrystals were found to be 15 nm as-deposited and 23 nm
upon annealing using the Scherrer equation. Optical measure-
ments revealed blue shifts in the indirect band gap and an
additional higher energy direct band gap transition in as-de-
posited (1.2 eV indirect; 1.7 eV direct) and annealed films
(1.1 eV indirect; 1.6 eV direct) compared to macrocrystalline
SnSe (0.95 eV indirect) and thus strongly infer quantum con-
finement effects are present in the nanocrystalline thin films.
The photophysical, electrical and photoelectrical properties of
films produced in this manner have been reported.61

Ning et al. extended their approach to SnS nanocrystals
(vide supra)40 to the production of colloidal SnSe using the
same tin precursor, Sn6O4(OH)4. Injection of selenourea into a
solution of Sn6O4(OH)4 in oleylamine–oleic acid at 140 °C fol-
lowed by precipitation afforded nanocrystals of orthorhombic
SnSe confirmed by p-XRD and SAED. Interestingly, the nano-
crystal size and shape could be tuned by varying the Sn/Se
reagent ratio and temperature. Nanoparticles, nanocubes, and
nanopeanuts (!) could all be obtained by this method from
TEM images. The SnSe nanocrystals obtained were tested as
anode materials in lithium ion batteries.

Vaughn II et al. recently reported a simple method for pro-
ducing SnSe with uniform lateral dimensions and tuneable
thickness using the reaction of tin(II) chloride with trioctyl-
phosphine selenide (TOP-Se) in the presence of hexamethyl
disilazane at 240 °C in oleylamine.62 Sheets produced by this
method are square with lateral dimensions of around 500 nm
× 500 nm, with the thickness of the film readily adjustable in
the range 10–40 nm by changing the ratio of TOP-Se to SnCl2.
An aliquot analysis approach by TEM revealed the growth as
shown in Fig. 14. The as-synthesised nanosheets were shown
to have a direct band gap of around 1.0 eV with an indirect
band gap of around 0.9 eV by optical diffuse reflectance
measurements.

Liu et al. reported the synthesis of single-crystalline SnSe
nanowires using the reaction of TOP-Se with Sn[N(SiMe3)2]2 in
oleylamine.63 Nanowire length exceeded 10 μm by SEM, with
TEM confirming a mean diameter of around 20 nm. Direct
and indirect optical band gaps of 1.1 eV and 1.6 eV, both blue-
shifted compared to the bulk material, were reported, as the
manifestation of quantum confinement effects.

Achimovicova et al. reported a direct mechanochemical syn-
thesis of tin selenide and tin selenide/tin diselenide compo-
sites from elemental tin and selenium by high-energy milling
at room temperature. The SnSe produced by this method is
orthorhombic whereas in the SnSe/SnSe2 composite ortho-
rhombic SnSe and hexagonal SnSe2 co-exist. The smallest crys-
tals in this sample averaged in sizes between 2–8 nm with
pseudo spherical or square-like morphology.64 A similar
process using the elemental precursors has been reported for
the production of hexagonal SnSe2.

65 SnSe2 quantum dot sen-
sitized solar cells have been prepared by Dai and co-workers

using the cluster compound (N2H4)3(N2H5)4Sn2Se6, the latter
formed from reaction of hydrazine with a mixture elemental
tin and selenium.66 Immersion of TiO2 anodes in the precur-
sor solution followed by annealing under an argon atmosphere
immobilised SnSe2 nanoparticles at the metal oxide surface. A
TiO2 solar cell constructed with the deposited SnSe2 as anode
material displayed a power conversion efficiency of 0.12% com-
pared to 0.004% when left uncoated.

Fig. 14 TEM study of growth mechanism of SnSe nanosheets by

Vaughn II et al.62 Images (a) and (b) represent nucleation, (c) and (d)

lateral growth from nanoparticle attachment whilst images (e) to (h) rep-

resent layer by layer vertical growth. All scale bars 100 nm. Reprinted

with permission from Vaughn II et al., ACS Nano, 2011, 5, 8852–8860.

Copyright 2011 American Chemical Society.
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Baumgardner and co-workers synthesised oleic acid capped
SnSe nanocrystals by thermolysis of Sn[N(SiMe3)2]2 in the pres-
ence of trioctylphosphine selenide (TOP-Se) and oleylamine.67

Particles produced by this synthetic method possess irregular
pseudo-spherical shape with tenability in diameters in the
range 4–10 nm from both TEM images and Scherrer analysis
of peak broadening in the p-XRD patterns. EDX confirmed the
SnSe stoichiometry. HRTEM was used to identify stacking
faults in the (200) plane of the crystals. Tuneable band gaps in
the range 0.9–1.3 eV were elucidated for diameters in the
range 4–10 nm by optical absorption measurements, commen-
surate with band gaps ideal for single junction solar energy
conversion devices (Fig. 15).

Another solution-phase synthesis of SnSe or SnSe2 nano-
crystals suitable for use in solar cells was reported by Franz-
man et al.68 Nanocrystals were synthesised by the reaction of
di-tert-butyl diselenide with tin(II) chloride in a mixture of
dodecylamine and dodecanethiol at 95 °C with brief heating at
180 °C followed by cooling and precipitation by addition of
ethanol. The ratio of di-tert-butyl diselenide to tin(II) chloride
allowed the control of the product composition with stoichio-
metric ratios leading to phase pure SnSe and excess (2.0 eq. di-
tert-butyl diselenide) leading to phase pure berndtite SnSe2 by
p-XRD pattern analysis. SnSe nanocrystals were observed to be
anisotropic by TEM, with a diameter of 19 nm but having an
elongated and polydisperse length (Fig. 16). A near-stoichio-
metric tin-selenium ratio was confirmed by EDX. Optical
measurements confirmed a blue-shifted direct band gap of
around 1.7 eV compared with bulk SnSe suggesting quantum
confinement with absorption across the EM spectrum up to
the NIR region. Functional solar cells incorporating the SnSe
nanocrystals exhibited superior power conversion efficiencies
(ηp) compared to the devices fabricated without SnSe (ηp =
0.06% vs. ηp = 0.03%).

Recently, Sharma et al. prepared tin selenide nanocrystals
using diorganotin(IV) 2-pyridylselenolate single source precur-

sors of the formula [R2Sn(2-SeC5H4N)2] where R = Me, Et or
tBu.57 Thermolysis of the precursors in oleylamine furnished
SnSe nanoparticles with a range of product morphologies
observed by SEM – from rectangular bars to rectangular and
hexagonal sheets depending on the precursor used.

4. Tin telluride

Tin telluride (SnTe) is garnering much interest due to its semicon-
ducting properties. Bulk SnTe exhibits a direct band gap of 0.19
eV at 300 K, which lies in the mid-IR region of the electromag-
netic spectrum.5 The material hence has potential application in
IR detection, radiation receivers and thermoelectric devices.

SnTe crystallises with the cubic rock salt structure (Fig. 17)
but can undergo a structural transformation to an orthorhom-
bic form under pressure.69 Sharma et al. have performed
detailed analysis of the electronic structure and ground state
properties of the SnTe using a linear combination of atomic
orbitals (LCAO) approach based on density functional theory
(DFT) calculations.70 The calculated Compton profiles were
used to discuss the electronic properties of SnTe. Comparative
studies of SnTe with GeTe have been performed to contrast the
nature of bonding found within the two compounds; it was
found that SnTe is less covalent and more ionic than GeTe.

As with other metal chalcogenides, several approaches to
SnTe are known, but the frequency of such reports is far lower
than for either the sulfide or selenide thin films.

Fig. 15 Relationship between the energy of the band gap and the mean

size (diameter) for SnSe nanocrystals produced by Baumgardner et al.

using thermolysis.67 Reprinted with permission from Baumgardner et al.,

J. Am. Chem. Soc., 2010, 132, 9519–9521. Copyright 2010 American

Chemical Society.

Fig. 16 Imaging of SnSe nanocrystals produced by the method of

Franzman et al. for use in solar cells. (a) HRTEM of a single nanocrystal,

(b) SAED pattern with indexing of SnS crystal planes and (c) TEM of SnSe

nanocrystal ensemble.68 Reprinted with permission from Franzman

et al., J. Am. Chem. Soc., 2010, 132, 4060–4061. Copyright 2010 Ameri-

can Chemical Society.
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in the range 7 nm–17 nm diameter (Scherrer equation), with
size distributions below 10%. The size of the crystals produced
in this range could be easily controlled by adjustment of injec-
tion and growth temperatures, and the amount of oleylamine
in the oleylamine–octadecene mixture. Absorption spectra of
the nanoparticles produced by this method allowed estimation
of the band gap energies of the as-synthesised SnTe: 0.4 eV
and 0.5 eV for 14 nm and 7 nm nanocrystals respectively.

Using a tin oxide hydroxide precursor for the synthesis of
tin chalcogenide nanoparticles, [Sn6O4(OH)4], Ning et al. have
also outlined the synthesis of nanocrystalline SnTe nanoparti-
cles and nanowires, the latter via oriented attachment.76 For-
mation of nanocrystals was initiated by injection of TOP-Te
into Sn6O4(OH)4 dissolved in mixtures of either oleic acid–
oleylamine or oleic acid–octylamine held at 180 °C. Nanocrys-
tals were characterised as cubic SnTe by p-XRD, TEM and
HRTEM. The diameters of highly crystalline nanocrystals pro-
duced from oleylamine-containing solutions were around
4 nm. In contrast, nanocrystals produced from octylamine-con-
taining solutions were around 8 nm with low crystallinity. It
was found that prolonged reaction times for the latter case
afforded an in situ conversion of SnTe nanocrystals to rather
polydisperse nanowires of around 50 nm in length and around
5 nm in diameter. The authors suggest from HRTEM images
of the wires that an oriented attachment growth mechanism is

responsible for the growth of the wires by the growth of (200)
planes in the <100> direction. A time-course study by TEM
tends to reinforce these mechanistic suggestions (Fig. 19).

Salavati-Niasari et al. reduced tellurium(IV) chloride with pot-
assium borohydride in the presence of tin(II) chloride under
alkaline conditions,77 the precipitates obtained were analysed
by p-XRD, SEM and TEM, which confirmed the product to be
SnTe nanocrystals with diameters in the range of 40–50 nm,
and quasi-spherical morphologies. The same tin and tellurium
containing precursors were also shown to produce SnTe
nanocrystals by this approach. SnTe nanocrystals produced
by this method were 30–40 nm in diameter and almost
monodisperse.

Tilley and co-workers have reported a solution synthesis of
SnTe nanocrystals using triethanolamine (TEA) as a stabilising
agent.78 The nanoparticles are characterised by p-XRD, SAED
and EDX. The reaction is said to be as a greener phosphine-
free alternative to the Talapin synthesis,75 though the nano-
crystals produced by this method seem to be somewhat more
polydisperse. The diameter of the nanoparticles could be con-
trolled by the amount of TEA added to the SnBr2–telluride
reagent mixture, allowing access to sizes from 3 to 32 nm.
Nanocrystals exhibited quantum confinement effects, with
band gaps measured as 0.5 eV and 0.4 eV for nanoparticles
with diameters of 6.5 nm and 14 nm respectively. The method

Fig. 19 Temporal study of the oriented attachment mechanism of SnSe nanowire growth by Ning et al.76 TEM images show the nanocrystalline pro-

ducts from aliquots taken from a reaction at various time points over a period of 10 min. Reproduced from ref. 73 with permission from the Royal

Society of Chemistry.
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is expected to be applicable to the production of other metal
chalcogenide nanocrystals.

Schaak and co-workers recently described a rather interest-
ing general method for the conversion of libraries of tin(II)
sulfide and selenide nanosheets into telluride nanosheets by
reaction with TOP-Te.79 The mechanism is believed to proceed
via direct anion exchange of the chalcogenide ions, and could
represent a general reaction for accessing previously inaccess-
ible tin telluride nanostructures.

5. Synthetic routes to copper zinc tin
sulfide

Copper zinc tin sulfide (Cu2ZnSnS4; CZTS) is an emergent
material for solar energy conversion.80 It has a band gap of
ca. 1.5 eV with a high absorption coefficient of 104 cm−1. Like
tin sulfide, it is composed of non-toxic and relatively earth-
abundant elements and hence is attractive for sustainable
solar energy. It is an alternative material to CuInGaS2 (CIGS) in
thin film solar cells as it is cheaper to produce in theory and
there has recently been considerable research focused on the
synthesis and growth of CZTS nanocrystals and thin films.
CZTS based absorber layers processed from solution have been
shown to have higher solar energy conversion efficiencies than
vacuum deposited films, thus leading to the prospect of mass
production from scale-up.81 Current record solar cell power
conversion efficiencies from CZTS-based materials stand at
ca. 11%, making the prospect of commercialisation likely.82

CZTS displays polymorphism, existing in the wurtzite kesterite,
wurtzite stannite, zinc blende stannite and zinc blende kester-
ite forms with varying theoretical stabilities.83

Ryan and co-workers used a colloidal synthesis to produce
CZTS nanorods in the wurtzitic phase84 (Fig. 20). A mixture of
copper(II) acetyl acetonate, zinc acetate, tin(IV) acetate and TOP
oxide was mixed in octadecene and heated to 240–260 °C. At
150–160 °C a mixture of 1-dodecane thiol and tert-dodecyl

mercaptan was injected into the reaction. Nanorod growth was
allowed for up to 30 min, after which cooling and addition of
toluene quenched the reaction. The nanoparticles were puri-
fied by centrifugation. Dark-field scanning transmission elec-
tron microscopy (DF-STEM) of the product showed nanorods
of 11 nm × 35 nm dimensions. Selected area electron diffrac-
tion (SAED) revealed that the nanorods were of wurtzite phase.
Optical absorbance measurements revealed a band gap of
ca. 1.4 eV.

CZTS nanocrystals have been synthesized by Khare et al.

using the thermal decomposition of diethyl dithiocarbamate
complexes of copper(II), zinc and tin(IV) in mixtures of oleic
acid and octadecene.85 The spherical nanocrystals produced
by this method had diameters of 2, 2.5, 5 or 7 nm by HRTEM
depending on the decomposition conditions employed. Injec-
tion of oleylamine at 150 °C produced nanocrystals of 2 nm
diameter. Injection of oleylamine and octadecene at 150 °C
gave 2.5 nm nanocrystals. A higher decomposition temperature
of 175 °C afforded nanocrystals with diameters of 5 and 7 nm
were formed. To avoid the thermal decomposition of the tin
precursor under the latter synthetic conditions, it had to be
co-injected with oleylamine and octadecene. An increase in the
band gap from 1.5 eV to 1.8 eV with decreasing particle radius
was determined from optical absorbance measurements thus
demonstrating quantum confinement. Similarly, Han and co-
workers have reported the synthesis of CZTS nanocrystals in
the wurtzite phase from the decomposition of copper(II) and
zinc(II) diethyldithiocarbamate complexes along with tin(IV)
diethyl dithiocarbamate.86 Heating of the complexes at
250 °C for 30 min in a hexadecanethiol–trioctylamine mixture
afforded monodisperse bullet-shaped nanorods of dimensions
15.1 ± 1 nm × 7.6 ± 0.6 nm characterised by TEM, EDX, XPS
and p-XRD. Trimmel and co-workers have developed routes
towards CZTS films from the decomposition of copper(I),
tin(IV) and zinc xanthate precursors. Solar cells incorporating
close-to stoichiometric CZTS from this method have an
efficiency of 0.1% with a band gap of 1.3 eV.87

Fig. 20 DF-STEM and HR-TEM images of bullet-shaped CZTS nanorods produced by Ryan and co-workers.84 (a) DF-STEM image of nanorods

inset: SAED pattern revealing wurtzite phase. (b) HR-TEM image of two nanorods revealing elongation in the [002] direction. Reprinted with per-

mission from Singh et al., J. Am. Chem. Soc., 2012, 134, 2910–2913. Copyright 2012 American Chemical Society.
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Jiang et al. isolated metastable Cu2ZnSnS4 nanocrystals
with an orthorhombic phase.88 using the reaction of CuCl2,
ZnCl2, SnCl2 and thiocarbamide at 200 °C for 24 h. The as-syn-
thesised nanocrystals had plate-like morphology with size
varying from 20 to 50 nm. It was reported that the metastable
orthorhombic phase can be transformed to stable kesterite
phase by annealing at 500 °C.

Cabot and co-workers have demonstrated that continuous-
flow processing may be a viable method for the production of
CZTS nanocrystals.89 Precursor solutions containing copper(II)
chloride, tin(IV) chloride and zinc oxide in mixtures of
oleylamine and octadecene were flowed through a 1 m × 3 mm
tube in diameter at a rate of 1–5 mL min−1. Heating in situ

to 300–320 °C caused decomposition of the precursor
solution, affording nanocrystals of CZTS of various sizes,
shapes and compositions depending on the specific reaction
conditions.

Prieto and co-workers used thermal decomposition of a
mixture copper(II) acetylacetonate, zinc acetate, and tin(II)
acetate, and a mixture of sulfur–selenium with sodium boro-
hydride in oleylamine and trioctylphosphine oxide (TOPO) to
afford Cu2ZnSn(S1−xSex)4 nanocrystals with tunable selenium–

sulfur composition.90 Band gap of the nanocrystals decreased
from 1.54 eV to 1.47 eV as selenium replaced sulfur in the
CZTS nanocrystals. Similarly, Ou et al. used a hot injection of
copper, zinc and tin stearate complexes in oleylamine into
thiourea and selenium in octadecene at 270 °C to produce
Cu2ZnSn(SxSe1−x)4 nanocrystals. Optical band gaps ranging
from 1.5 eV to 1.0 eV were observed, the energy decreasing as
the amount of selenium increased.

Sol–gel processing of CZTS nanowires and nanotubes using
an anodized alumina (AAO) template with 200 nm pore size
has been reported by Su et al.91 The CZTS sol–gel was prepared
by dissolving copper(II) acetate, zinc(II) acetate and tin(II) chlor-
ide in 2-methoxyethanol. Immersion of the AAO templates into
the precursor solution followed by annealing at 550 °C under a
sulfurous atmosphere and etching with sodium hydroxide
afforded the immobilised nanowire/nanotube array. CZTS
nanowires and nanotubes of dimensions 200 nm × 60 μm were
produced, the width dictated by the AAO template. Optical
band gaps of 1.57 eV and 1.61 eV were measured for nanowires
and nanotubes respectively.

There has been further research into solar cell device fabri-
cation using solution-processed CZTS. CZTS solar cells with
1.9% solar energy conversion efficiency, 0.484 V open-circuit
voltage, 8.91 mA cm−2 short-circuit current density and a 45%
fill factor have been reported by Hu and co-workers.92 CZTS
nanocrystals use to fabricate the cell were synthesized by the
reaction of copper(II) and tin(II) chloride and zinc sulfate with
Na2S in ethylene glycol solution heated at 180 °C for 12 hours.
Pal and co-workers prepared a CZTS-fullerene pn-junction
hybrid solar cell with power conversion efficiency of 0.9% and
a fill factor of 43%.93 CZTS nanocrystals were synthesised by
the reaction of tin(IV) chloride, copper(II) chloride and zinc
chloride with sulfur in oleylamine at 180 °C. Nanoparticles
were spin-coated on an ITO substrate and then coated with a
layer of the fullerene [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) to form the pn-junction.

O’Brien and co-workers presented the first report of CZTS
thin films deposited by a chemical vapour deposition

Fig. 21 EDX elemental mapping of CZTS thin films produced by O’Brien and co-workers by using AACVD with a mix of three discrete molecular

precursors.94 Reproduced from ref. 94 with permission from The Royal Society of Chemistry.
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approach from discrete molecular precursors. Compatible pre-
cursors based on simple metal diethyldithiocarbamate com-
plexes of formula [M(S2CNEt2)] (where M = Cu2+, Zn2+) and
diorganotin complexes of the type [Sn(Bu)2(S2CNEt2)2] were
mixed in the correct 2Cu : 1Zn : 1Sn stoichiometry and AACVD
performed from toluene solutions at various furnace tempera-
tures. p-XRD was used to confirm the phase of deposited
Cu2ZnSnS as either kesterite or stannite. SEM showed granular
crystallites with sizes dependent on temperature. EDX was
used to confirm the correct stoichiometry of the thin films de-
posited at 360 °C. EDX elemental mapping demonstrated the
even distribution of Cu, Zn, Sn and S across the entire sub-
strate (Fig. 21).

6. Synthetic routes to
mesostructured tin chalcogenide
materials

Mesostructured compounds are a hugely important class of
condensed phase materials which contain regular repeating
motifs to produce three-dimensional ordering of the material
which leads to higher ordering in the crystalline material e.g.
formation of pores of defined size and shape. Pore sizes in
mesoporous materials lie between those of microporous
materials (<2 nm) and macroporous solids (>50 nm).95 Tra-
ditionally these materials have been based on alumina, silica
or aluminosilicate superstructures with popular examples such
as zeolites, molecular sieves and mesoporous silica finding
use in catalysis, ion exchange, drying of solvents and opto-
electronic applications. Recently, however, there has been a
paradigm shift with non-oxide inorganic materials used to
produce novel mesostructured compounds.96 The synthesis,
structural, spectroscopic and sorption properties of micro-
porous tin chalcogenides have been reported,97–100 but more
recently, reports of novel syntheses of mesostructured
materials have appeared.

Ozin and co-workers described the synthesis of a novel
class of tin(IV) sulfide thermotropic liquid crystals.101 Reaction
of tin(IV) chloride with ammonium sulfide and hexadecyl-
amine (HDA) in the aqueous alkaline media formed a light
yellow gel which was crystallised at 150 °C over 19 hours
to form an intriguing yellow monolith of formula
SnS2.07(HDA)2.34(H2O)2.23 by elemental analysis with a large d-
spacing of 5.1 nm by p-XRD. Further washing with excess
acetone afforded material with reduced d-spacing. p-XRD, SEM
and TEM revealed a mesoporous structure consisting of
stacked two-dimensional layers of hexagonal SnS2 with a fully-
extended hexadecylamine bilayer in the inter-lamellar space.
Solid-state magic angle spinning NMR of the 119Sn metallo-
centres revealed two tin coordination environments: 5- and
6-coordinate. Raman spectroscopy revealed a new band imply-
ing a changed bond distance consistent with a lower coordi-
nation than 6. The UV-Vis absorption spectrum revealed an
absorption edge lying between that of five-coordinate and six-

coordinate tin species. Thermal behaviour was studied by TGA
and DSC and variable-temperature p-XRD, with crystalline (RT
– 45 °C), semi-liquid (45 °C–85 °C) and liquid crystalline
(>85 °C) phases identified. The material is electrically conduct-
ing, especially so in the liquid crystalline phase compared to
the other phases, and can reversibly adsorb water and carbon
dioxide, thus heralding the material as having use in opto-
electronic and sensing applications. The lamellae were later
imaged by tapping-mode AFM, with parallel stacked layers in
the z-direction observed with an inter-lamellar distance of
5 nm. Imaging in the x, y plane by two-dimensional fast
Fourier transform-AFM revealed a periodic arrangement of
mesopores with sizes in the range of 3–10 nm.102 Similarly,
Rao and Neeraj reported mesostructured SnS2 composites pro-
duced by the reaction of tin(IV) chloride with sodium sulfide in
the presence of dodecylamine surfactant.103 The composites
displayed a lamellar structure with a periodic interlamellar
spacing of 3.12 nm as measured by p-XRD. Kessler and co-
workers produced mesostructured tin(IV) sulfide by the reac-
tion of sodium sulfide and tin(IV) chloride in the presence of
cetyl trimethyl ammonium bromide surfactant under alkaline
conditions.104 The reaction produced lamellar mesostructured
tin(IV) sulfide with spacing between layers of around 2.6 nm.
The reaction can be translated to produce a number of
materials with differences in long and short range order
throughout the material.105 Indeed, tin coordination geometry
can be varied between octahedral and tetrahedral by variation
of surfactant amount. Transformation between various lamel-
lar phases has been described.106

Solution phase co-assembly of zintl clusters of the type
SnE4

4− (where E = Se, Te) have been exploited by the groups of
Tolbert and Kanatzidis to prepare a range of mesostructured
tin chalcogenides. This novel approach relies on the templat-
ing of the zintl clusters by surfactant molecules, either with or
without the presence of transition metal cations. Initially,
assembly of the zintl clusters using square-planar platinum(II)
ions was presented,107 giving rise to platinum tin telluride
mesostructured composites, with periodic mesostructure as-
imaged by TEM. EXAFS was used to demonstrate the structure
consisting of a square planar d8 platinum(II) centres bonded to
four Sn2Te6 clusters (Fig. 22), with reduction of the platinum(IV)
starting material presumably occurring during reaction. This
approach, draws parallels with supramolecular chemistry; the
development of metal templated structures by Lehn,108 for
instance, being especially salient to the principles used here,
where the ligand field preferences of a metal cation dictates
the structure of the final assembly. Riley and Tolbert cite the
work of Ozin which states that square planar geometry of the
linking metal cation in Ge4S10 systems is crucial to the for-
mation of mesophases.109 The narrow band gap of 0.8 eV is
potentially useful in optoelectronic applications.

Korlann et al. later reported the use of cross-linking with
either Pt(II) or Pt(IV) salts in varying ratios to perturb the elec-
tronic structure of the composites and modulate properties.110

A range of different transition metals ions (Ni2+, Pt2+, Zn2+)
have been investigated for the templating of the zintl ions
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4.1. Synthetic routes to tin telluride thin films and

nanocrystals

Bulk SnTe has a band gap of ca. 0.19 eV (mid-IR)2 and
quantum confinement leads to blue-shift of the band gap
toward the near-infrared region of the electromagnetic spec-
trum, thus SnTe potentially has uses in biomedical imaging
applications in vivo or telecommunications. However, there are
currently relatively few reports of syntheses of monodisperse
nanocrystals of SnTe despite its great potential.

Boudjouk et al. produced cubo-octahedral SnTe from
single-source precursors of the type (Ph3Sn)2Te.

54 This
approach was expanded later with the introduction of cyclic pre-
cursors of the type (Bn2SnTe)3 also to produce cubic SnTe.71

The homoleptic tin(II) chalcogenolate complexes Sn[TeSi-
(SiMe3)]2 were reported by Arnold and co-workers and are suit-
able as single-source precursors for the synthesis of SnTe
materials.72 The pyrolysis of Sn[TeSi(SiMe3)]2 at modest temp-
eratures (250 °C) under a nitrogen atmosphere leads to the pro-
duction of SnTe with the single by-product: Te[Si(SiMe3)]2. SnTe
produced in this manner was characterised by p-XRD and
elemental analysis. Decomposition of the precursor in hydro-
carbon solvents to the metal chalcogenide could also be elicited
by thermolysis, UV irradiation or the presence of Lewis bases, in
this instance one equivalent of pyridine, at even lower tempera-
tures than the pyrolysis method. Similar silylated compounds
have also been reported by Chuprakov et al. of the type
[Sn{(SiMe3)2CH}2(μ-E)]2 (where E = Se or Te) (vide supra).50

Schlecht et al. reported the use of nanocrystalline tin as a
template for SnTe nanocrystal growth.73 The finely divided
metal, produced from the reaction of SnCl2 with Li[Et3BH], was
reacted with Ph2Te2 in boiling diglyme. Cubic SnTe nanoparti-
cles with diameters of 15–60 nm, characterised by p-XRD, were
produced. Nanoparticles with ca. 15 nm diameter had star-
shaped morphology whilst those of 60 nm diameter were organ-

ised in random spherical agglomerates. The diameter and mor-
phology of the particles, was controlled by concentration, with
high dilutions favouring the smaller SnTe nanostars.

Tang and co-workers describe a reductive method to SnTe
nanoparticles.74 Reaction of hydrated tin(IV) chloride with pot-
assium borohydride in ethylenediamine led to a grey powder
characterised by p-XRD as cubic SnTe. TEM images revealed
polydisperse crystals with diameters in the range of 30–40 nm,
in agreement estimated diameters calculated from p-XRD
using the Scherrer equation. XPS was used to confirm the SnTe
stoichiometry. The method was not compatible with tin(II)
chloride or solid anhydrous tin(IV) chloride, which led to the
formation of elemental tellurium in both cases.

The first examples of monodisperse SnTe nanocrystals was
reported Talapin and co-workers.75 The reaction of Sn[N-
(SiMe3)2], with TOP-Te in an oleylamine–octadecene mixture at
150 °C. This precursor has been used for the synthesis of both
SnS30 and SnSe67 nanoparticles (vide supra), and thus the
methodology represents a crucial addition to the canon of
semiconductor nanocrystal synthesis. SnTe nanocrystals were
characterised by p-XRD, imaged with TEM and EDX was used
to confirm stoichiometry (Fig. 18). Various sizes were produced

Fig. 17 Cubic SnTe.

Fig. 18 (a), (b) TEM images of SnTe NCs capped with oleic acid. (c)

Powder XRD patterns of SnTe NCs with various sizes. (d), (e) HRTEM of

SnTe NCs viewed along [001] and [111] zone axes.75 Reprinted with per-

mission from Kovalenko et al., J. Am. Chem. Soc., 2007, 129,

11354–11355. Copyright 2007 American Chemical Society.
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SnSe4
4− and SnTe4

4−.111 Composites produced had wormlike
morphology. Rhodium gave tin telluride materials with hexa-
gonal honeycombed (P6mm) habit. Platinum combined with
SnSe4

4− gave materials with cubic (la3d ) architecture. The
SnTe4

4− alone, with no metal ions, gave lamellar structures.
Thus, the morphology of the materials is easily controllable by
judicious choice of metal ion. Recent work has focused on
tuning the band gap of these materials with even greater
precision.112

Hexagonally ordered mesostructured ternary metal tin
sulfide materials have been reported by Kanatzidis and co-
workers.113 New mesophases designated as (CP)xMySn2S6
(where M = Zn2+, Cd2+, Ga3+) were synthesized by linking
Sn2S6

4− clusters with metal ions in the presence of cetylpyridi-
nium (CP) surfactant molecules in formamide solution under
basic conditions. The materials are semiconductors in the
with band gaps in the energy range 2.5–3.1 eV. Additionally,
(CP)xMySn2S6 exhibits photoluminescence when irradiated
with light of energies larger than the band gap.

7. Conclusions

Research into synthetic routes for tin chalcogenides is currently
flourishing due to a need for efficient and tuneable materials
in various applications. The inherent band gap of many of the
tin chalcogenides is commensurate with many current ubiqui-
tous and useful semiconductor materials. Quantum confine-
ment effects allow tuning of band gap energies by changing
the size of the nanocrystal allowing the formation of tailor-
made materials for any given application e.g. photovoltaics.
Relatively newer alloyed materials such as the copper zinc tin
sulfides (CZTS) are providing new opportunities for materials
research especially for solar energy applications. The move to
nanoscale materials from thin films is essential for tuning the
semiconductor properties. A mastery of thin film deposition in

this area, which arguably does not exist at the moment, will be
the key to the further development of novel nanoscale CZT-
chalcogenide materials. Exciting new mesostructured compo-
site materials are being made with novel syntheses, often
based on templating by cluster compounds. This area of
research will grow ever more important as the search for more
efficient, environmentally benign and cheaper semiconducting
materials continues.

References

1 H. Xuebo and Z. Jing, in Nanofabrication and its Appli-

cation in Renewable Energy, Royal Society of Chemistry,
Cambridge, 2014, pp. 199–215.

2 P. Sinsermsuksakul, L. Sun, S. W. Lee, H. H. Park,
S. B. Kim, C. Yang and R. G. Gordon, Adv. Energy Mater.,
2014, DOI: 10.1002/aenm.201400496.

3 J. J. Loferski, J. Appl. Phys., 1956, 27, 777–784.
4 T. Jiang and G. A. Ozin, J. Mater. Chem., 1998, 8, 1099–

1108.
5 O. Madelung, Semiconductors – Basic Data, Springer-

Verlag, Berlin, 2nd edn, 1996.
6 S. C. Ray, M. K. Karanjai and D. DasGupta, Thin Solid

Films, 1999, 350, 72–78.
7 A. Abou Shama and H. M. Zeyada, Opt. Mater., 2003, 24,

555–561.
8 M. Ristov, G. Sinadinovski, I. Grozdanov and M. Mitreski,

Thin Solid Films, 1989, 173, 53–58.
9 P. K. Nair, M. T. S. Nair and J. Campos, J. Electrochem.

Soc., 1993, 140, 539–541.
10 R. D. Engelken, H. E. McCloud, C. Lee, M. Slayton and

H. Ghoreishi, J. Electrochem. Soc., 1987, 134, 2696–2707.
11 A. Tanusevski, Semicond. Sci. Technol., 2003, 18, 501–505.
12 C. Gao and H. Shen, Thin Solid Films, 2012, 520, 3523–

3527.
13 S. K. Arora, D. H. Patel and M. K. Agarwal, J. Cryst. Growth,

1993, 131, 268–270.
14 S. K. Arora, D. H. Patel and M. K. Agarwal, J. Mater. Sci.,

1994, 29, 3979–3983.
15 P. Sinsermsuksakul, J. Heo, W. Noh, A. S. Hock and

R. G. Gordon, Adv. Energy Mater., 2011, 1, 1116–1125.
16 M. Calixto-Rodriguez, H. Martinez, A. Sanchez-Juarez,

J. Campos-Alvarez, A. Tiburcio-Silver and M. E. Calixto,
Thin Solid Films, 2009, 517, 2497–2499.

17 E. Schonherr and W. Stetter, J. Cryst. Growth, 1975, 30, 96–
98.

18 B. P. Bade, S. S. Garje, Y. S. Niwate, M. Afzaal and
P. O’Brien, Chem. Vap. Deposition, 2008, 14, 292–295.

19 T. G. Hibbert, M. F. Mahon, K. C. Molloy, L. S. Price and
I. P. Parkin, J. Mater. Chem., 2001, 11, 469–473.

20 L. S. Price, I. P. Parkin, T. G. Hibbert and K. C. Molloy,
Chem. Vap. Deposition, 1998, 4, 222–225.

21 A. Sanchez-Juarez, A. Tiburcio-Silver and A. Ortiz, Thin

Solid Films, 2005, 480–481, 452–456.

Fig. 22 Platinum tin telluride structure deduced by Riley and Tolbert

from EXAFS data.107

Review Inorganic Chemistry Frontiers

596 | Inorg. Chem. Front., 2014, 1, 577–598 This journal is © the Partner Organisations 2014

View Article Online



22 M. Lazell, P. O’Brien, D. J. Otway and J. H. Park, J. Chem.

Soc., Dalton Trans., 2000, 4479–4486.
23 M. A. Malik, M. Afzaal and P. O’Brien, Chem. Rev., 2010,

110, 4417–4446.
24 G. Barone, T. G. Hibbert, M. F. Mahon, K. C. Molloy,

L. S. Price, I. P. Parkin, A. M. E. Hardy and M. N. Field,
J. Mater. Chem., 2001, 11, 464–468.

25 I. P. Parkin, L. S. Price, T. G. Hibbert and K. C. Molloy,
J. Mater. Chem., 2001, 11, 1486–1490.

26 A. T. Kana, T. G. Hibbert, M. F. Mahon, K. C. Molloy,
I. P. Parkin and L. S. Price, Polyhedron, 2001, 20, 2989–
2995.

27 K. Ramasamy, V. L. Kuznetsov, K. Gopal, M. A. Malik,
J. Raftery, P. P. Edwards and P. O’Brien, Chem. Mater.,
2013, 25, 266–276.

28 H. L. Zhu, D. R. Yang, Y. J. Ji, H. Zhang and X. F. Shen,
J. Mater. Sci., 2005, 40, 591–595.

29 C. An, K. Tang, G. Shen, C. Wang, Q. Yang, B. Hai and
Y. Qian, J. Cryst. Growth, 2002, 244, 333–338.

30 S. G. Hickey, C. Waurisch, B. Rellinghaus and
A. Eychmüller, J. Am. Chem. Soc., 2008, 130, 14978–
14980.

31 Y. K. Liu, D. D. Hou and G. H. Wang, Chem. Phys. Lett.,
2003, 379, 67–73.

32 G. Z. Shen, D. Chen, K. B. Tang, L. Y. Huang, Y. T. Qian
and G. Zhou, Inorg. Chem. Commun., 2003, 6, 178–180.

33 A. J. Biacchi, D. D. Vaughn and R. E. Schaak, J. Am. Chem.

Soc., 2013, 135, 11634–11644.
34 H. Liu, Y. Liu, Z. Wang and P. He, Nanotechnology, 2010,

21, 105707.
35 Y. Xu, N. Al-Salim, C. W. Bumby and R. D. Tilley, J. Am.

Chem. Soc., 2009, 131, 15990.
36 S. Sohila, M. Rajalakshmi, C. Muthamizhchelvan,

S. Kalavathi, C. Ghosh, R. Divakar, C. N. Venkiteswaran,
N. G. Muralidharan, A. K. Arora and E. Mohandas, Mater.

Lett., 2011, 65, 1148–1150.
37 S. Sohila, M. Rajalakshmi, C. Ghosh, A. K. Arora and

C. Muthamizhchelvan, J. Alloys Compd., 2011, 509, 5843–
5847.

38 Y. Zhang, J. Lu, S. Shen, H. Xu and Q. Wang, Chem.

Commun., 2011, 47, 5226–5228.
39 Q. Han, M. Wang, J. Zhu, X. Wu, L. Lu and X. Wang,

J. Alloys Compd., 2011, 509, 2180–2185.
40 J. Ning, K. Men, G. Xiao, L. Wang, Q. Dai, B. Zou, B. Liu

and G. Zou, Nanoscale, 2010, 2, 1699–1703.
41 M. Yousefi, M. Salavati-Niasari, F. Gholamian,

D. Ghanbari and A. Aminifazl, Inorg. Chim. Acta, 2011,
371, 1–5.

42 D. D. Vaughn II, O. D. Hentz, S. Chen, D. Wang and
R. E. Schaak, Chem. Commun., 2012, 48, 5608–5610.

43 B. K. Patra, S. Sarkar, A. K. Guria and N. Pradhan, J. Phys.
Chem. Lett., 2013, 4, 3929–3934.

44 E. C. Greyson, J. E. Barton and T. W. Odom, Small, 2006,
2, 368–371.

45 Z. T. Deng, D. R. Han and Y. Liu, Nanoscale, 2011, 3,
4346–4351.

46 L. Ren, Z. Jin, W. Wang, H. Liu, J. Lai, J. Yang and
Z. Hong, Appl. Surf. Sci., 2011, 258, 1353–1358.

47 I. Lefebvre, M. A. Szymanski, J. Olivier-Fourcade and
J. C. Jumas, Phys. Rev. B: Condens. Matter, 1998, 58, 1896–
1906.

48 J. P. Singh and R. K. Bedi, Thin Solid Films, 1991, 199,
9–12.

49 K. J. John, B. Pradeep and E. Mathai, J. Mater. Sci., 1994,
29, 1581–1583.

50 I. S. Chuprakov, K. H. Dahmen, J. J. Schneider and
J. Hagen, Chem. Mater., 1998, 10, 3467–3470.

51 N. D. Boscher, C. J. Carmalt, R. G. Palgrave and
I. P. Parkin, Thin Solid Films, 2008, 516, 4750–4757.

52 R. Indirajith, T. P. Srinivasan, K. Ramamurthi and
R. Gopalakrishnan, Curr. Appl. Phys., 2010, 10, 1402–1406.

53 S. R. Bahr, P. Boudjouk and G. J. McCarthy, Chem. Mater.,
1992, 4, 383–388.

54 P. Boudjouk, D. J. Seidler, S. R. Bahr and G. J. McCarthy,
Chem. Mater., 1994, 6, 2108–2112.

55 P. Boudjouk, D. J. Seidler, D. Grier and G. J. McCarthy,
Chem. Mater., 1996, 8, 1189–1196.

56 Y. Cheng, T. J. Emge and J. G. Brennan, Inorg. Chem.,
1996, 35, 342–346.

57 R. K. Sharma, G. Kedarnath, A. Wadawale, C. A. Betty,
B. Vishwanadh and V. K. Jain, Dalton Trans., 2012, 41,
12129–12138.

58 N. Kumar, V. Sharma, U. Parihar, R. Sachdeva, N. Padha
and C. J. Panchal, J. Nano- Electron. Phys., 2011, 3, 117–
126.

59 C. Wang, Y. D. Li, G. H. Zhang, J. Zhuang and G. Q. Shen,
Inorg. Chem., 2000, 39, 4237–4239.

60 B. Pejova and I. Grozdanov, Thin Solid Films, 2007, 515,
5203–5211.

61 B. Pejova and A. Tanusevski, J. Phys. Chem. C, 2008, 112,
3525–3537.

62 D. D. Vaughn II, S.-I. In and R. E. Schaak, ACS Nano, 2011,
5, 8852–8860.

63 S. Liu, X. Guo, M. Li, W.-H. Zhang, X. Liu and C. Li,
Angew. Chem., Int. Ed., 2011, 50, 12050–12053.

64 M. Achimovicova, A. Recnik, M. Fabian and P. Balaz, Acta
Montan. Slovaca, 2011, 16, 123–127.

65 M. Achimovicova, K. L. da Silva, N. Daneu, A. Recnik,
S. Indris, H. Hain, M. Scheuermann, H. Hahn and
V. Sepelak, J. Mater. Chem., 2011, 21, 5873–5876.

66 X. Yu, J. Zhu, Y. Zhang, J. Weng, L. Hu and S. Dai, Chem.

Commun., 2012, 48, 3324–3326.
67 W. J. Baumgardner, J. J. Choi, Y.-F. Lim and T. Hanrath,

J. Am. Chem. Soc., 2010, 132, 9519–9521.
68 M. A. Franzman, C. W. Schlenker, M. E. Thompson and

R. L. Brutchey, J. Am. Chem. Soc., 2010, 132, 4060–4061.
69 T. Chattopadhyay, H. G. Vonschnering, W. A. Grosshans

and W. B. Holzapfel, Physica B+C, 1986, 139, 356–360.
70 G. Sharma, P. Bhambhani, N. Munjal, V. Sharma and

B. K. Sharma, J. Nano- Electron. Phys., 2011, 3, 341–347.
71 P. Boudjouk, M. P. Remington, D. G. Grier, W. Triebold

and B. R. Jarabek, Organometallics, 1999, 18, 4534–4537.

Inorganic Chemistry Frontiers Review

This journal is © the Partner Organisations 2014 Inorg. Chem. Front., 2014, 1, 577–598 | 597

View Article Online



72 A. L. Seligson and J. Arnold, J. Am. Chem. Soc., 1993, 115,
8214–8220.

73 S. Schlecht, M. Budde and L. Kienle, Inorg. Chem., 2002,
41, 6001–6005.

74 C. An, K. Tang, B. Hai, G. Shen, C. Wang and Y. Qian,
Inorg. Chem. Commun., 2003, 6, 181–184.

75 M. V. Kovalenko, W. Heiss, E. V. Shevchenko, J.-S. Lee,
H. Schwinghammer, A. P. Alivisatos and D. V. Talapin,
J. Am. Chem. Soc., 2007, 129, 11354–11355.

76 J. Ning, K. Men, G. Xiao, B. Zou, L. Wang, Q. Dai, B. Liu
and G. Zou, CrystEngComm, 2010, 12, 4275–4279.

77 M. Salavati-Niasari, M. Bazarganipour, F. Davar and
A. A. Fazl, Appl. Surf. Sci., 2010, 257, 781–785.

78 Y. Xu, N. Al-Salim, J. M. Hodgkiss and R. D. Tilley, Cryst.
Growth Des., 2011, 11, 2721–2723.

79 I. T. Sines, D. D. Vaughn II, A. J. Biacchi, C. E. Kingsley,
E. J. Popczun and R. E. Schaak, Chem. Mater., 2012, 24,
3088–3093.

80 K. Ramasamy, M. A. Malik and P. O’Brien, Chem.

Commun., 2012, 48, 5703–5714.
81 D. A. R. Barkhouse, O. Gunawan, T. Gokmen, T. K. Todorov

and D. B. Mitzi, Prog. Photovoltaics, 2012, 20, 6–11.
82 T. K. Todorov, J. Tang, S. Bag, O. Gunawan, T. Gokmen,

Y. Zhu and D. B. Mitzi, Adv. Energy Mater., 2013, 3, 34–38.
83 S. Chen, A. Walsh, Y. Luo, J. H. Yang, X. G. Gong and

S. H. Wei, Phys. Rev. B: Condens. Matter, 2010, 82, 195203.
84 A. Singh, H. Geaney, F. Laffir and K. M. Ryan, J. Am. Chem.

Soc., 2012, 134, 2910–2913.
85 A. Khare, A. W. Wills, L. M. Ammerman, D. J. Norris and

E. S. Aydil, Chem. Commun., 2011, 47, 11721–11723.
86 M. D. Regulacio, C. Ye, S. H. Lim, M. Bosman, E. Ye,

S. Chen, Q.-H. Xu and M.-Y. Han, Chem. – Eur. J., 2012,
18, 3127–3131.

87 A. Fischereder, A. Schenk, T. Rath, W. Haas, S. Delbos,
C. Gougaud, N. Naghavi, A. Pateter, R. Saf, D. Schenk,
M. Edler, K. Bohnemann, A. Reichmann, B. Chernev,
F. Hofer and G. Trimmel, Monatsh. Chem., 2013, 144,
273–283.

88 H. Jiang, P. Dai, Z. Feng, W. Fan and J. Zhan, J. Mater.

Chem., 2012, 22, 7502–7506.
89 A. Shavel, D. Cadavid, M. Ibanez, A. Carrete and A. Cabot,

J. Am. Chem. Soc., 2012, 134, 1438–1441.
90 S. C. Riha, B. A. Parkinson and A. L. Prieto, J. Am. Chem.

Soc., 2011, 133, 15272–15275.
91 Z. Su, C. Yan, D. Tang, K. Sun, Z. Han, F. Liu, Y. Lai, J. Li

and Y. Liu, CrystEngComm, 2012, 14, 782–785.

92 Q. Tian, X. Xu, L. Han, M. Tang, R. Zou, Z. Chen, M. Yu,
J. Yang and J. Hu, CrystEngComm, 2012, 14, 3847–3850.

93 S. K. Saha, A. Guchhait and A. J. Pal, Phys. Chem. Chem.

Phys., 2012, 14, 8090–8096.
94 K. Ramasamy, M. A. Malik and P. O’Brien, Chem. Sci.,

2011, 2, 1170–1172.
95 J. Rouquerol, D. Avnir, C. W. Fairbridge, D. H. Everett,

J. H. Haynes, N. Pernicone, J. D. F. Ramsay, K. S. W. Sing
and K. K. Unger, Pure Appl. Chem., 1994, 66, 1739–1758.

96 M. G. Kanatzidis, Adv. Mater., 2007, 19, 1165–1181.
97 T. Jiang, A. Lough, G. A. Ozin and R. L. Bedard, J. Mater.

Chem., 1998, 8, 733–741.
98 T. Jiang, A. Lough, G. A. Ozin, R. L. Bedard and R. Broach,

J. Mater. Chem., 1998, 8, 721–732.
99 T. Jiang, G. A. Ozin and R. L. Bedard, J. Mater. Chem.,

1998, 8, 1641–1648.
100 T. Jiang, G. A. Ozin, A. Verma and R. L. Bedard, J. Mater.

Chem., 1998, 8, 1649–1656.
101 T. Jiang and G. A. Ozin, J. Mater. Chem., 1997, 7, 2213–

2222.
102 I. Sokolov, T. Jiang and G. A. Ozin, Adv. Mater., 1998, 10,

942–946.
103 Neeraj and C. N. R. Rao, J. Mater. Chem., 1998, 8, 279–280.
104 J. Li, L. Delmotte and H. Kessler, Chem. Commun., 1996,

1023–1024.
105 J. Q. Li, H. Kessler and L. Delmotte, J. Chem. Soc., Faraday

Trans., 1997, 93, 665–668.
106 J. Q. Li and H. Kessler, Microporous Mater., 1997, 9, 141–

147.
107 A. E. Riley and S. H. Tolbert, J. Am. Chem. Soc., 2003, 125,

4551–4559.
108 B. Hasenknopf, J.-M. Lehn, B. O. Kneisel, G. Baum and

D. Fenske, Angew. Chem., Int. Ed. Engl., 1996, 35, 1838–
1840.

109 M. J. MacLachan, N. Coombs and G. A. Ozin, Nature,
1999, 397, 681.

110 S. D. Korlann, A. E. Riley, B. L. Kirsch, B. S. Mun and
S. H. Tolbert, J. Am. Chem. Soc., 2005, 127, 12516–
12527.

111 A. E. Riley, S. D. Korlann, E. K. Richman and
S. H. Tolbert, Angew. Chem., Int. Ed., 2006, 45, 235–241.

112 S. D. Korlann, A. E. Riley, B. S. Mun and S. H. Tolbert,
J. Phys. Chem. C, 2009, 113, 7697–7705.

113 K. K. Rangan, P. N. Trikalitis, C. Canlas, T. Bakas,
D. P. Weliky and M. G. Kanatzidis, Nano Lett., 2002, 2,
513–517.

Review Inorganic Chemistry Frontiers

598 | Inorg. Chem. Front., 2014, 1, 577–598 This journal is © the Partner Organisations 2014

View Article Online


