
 
Doctoral School in Materials Science and Engineering 

CCuu22ZZnnSSnnSS44  tthhiinn  ff iillmmss  aanndd  ssoollaarr  cceellllss::    

mmaatteerriiaall  aanndd  ddeevviiccee  cchhaarraacctteerriizzaatt iioonn  
 

AAnn  iinnvveesstt iiggaatt iioonn  iinnttoo  tthhee  ssttooiicchhiioommeett rryy  eeffffeecctt   oonn    

CCZZTTSS  mmiiccrroosstt rruuccttuurree  aanndd  ooppttooeelleecctt rroonniicc  pprrooppeerrtt iieess    

 
 
    Claudia Malerba 
 

     

 

June 2014 
 

 

1 2 3 4 5 6

6

5

4

3

2

1

SnS ZnS

CuS

Cu/Sn

X#

Y
#

0.5000

1.000

1.500

1.900

2.100

2.500

3.000

3.500

4.000

4.500

-16

-14

-12

-10

-8

-6

-4

-2

0
0.1 0.2 0.3 0.4 0.5 0.6 0.7

V(V)

J
 (

m
A

/c
m

2
)

X
X

V
I 

c
y

c
le

 



 

  



 

CU2ZNSNS4 THIN FILMS AND SOLAR CELLS: MATERIAL AND 

DEVICE CHARACTERIZATION 
 

AN INVESTIGATION INTO THE STOICHIOMETRY EFFECT ON CZTS 
MICROSTRUCTURE AND OPTOELECTRONIC PROPERTIES 

 
 

Claudia Malerba 
E-mail: claudia.malerba-1@unitn.it 

 

 

 

Approved by: 
Prof. Paolo Scardi, Advisor 
Department of Civil, Environmental 
and Mechanical Engineering 
University of Trento, Italy. 
 
Dr. Alberto Mittiga, co-advisor 
Enea-Casaccia Research Centre 
Rome, Italy. 

 

 

 

 

Ph.D. Commission: 
Prof. Paolo Scardi, 
Department of Civil, Environmental 
and Mechanical Engineering 
University of Trento, Italy. 
 
Prof. Rachel Morrish, 
Department of Chemical Engineering  
Colorado School of Mines, Golden, US. 
 
Prof. Maurizio Acciarri, 
Department of Material Science & 
MIB-SOLAR 
University of Milan-Bicocca, Italy.

 
 
 
 
 

University of Trento, 

Department of Industrial Engineering 
 

June 2014



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

University of Trento - Department of Industrial Engineering 
 
Doctoral Thesis 
 

Claudia Malerba - 2014 
Published in Trento (Italy) ð by University of Trento 
 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
ñLearn from yesterday,  

live for today,  

hope for tomorrow.  

The important thing is not to stop questioning.ò 

 

Albert Einstein 



 

  



 

Abstract 
 

 

Cu2ZnSnS4 (CZTS) quaternary compound has attracted much attention in the last 

years as new abundant, low cost and non-toxic material, with desirable properties for 

thin film photovoltaic (PV) applications.  

In this work, CZTS thin films were grown using two different processes, based 

on vacuum deposition of precursors, followed by a heat treatment in sulphur 

atmosphere. The precursors were deposited using two different approaches: (i) 

electron-beam evaporation of multiple stacks made of ZnS, Sn and Cu and (ii) co-

sputtering deposition of the three binary sulphides CuS, SnS and ZnS.  

All the materials were characterized both as isolated films and as absorber 

layer in solar cells, produced using the typical structure Mo/CZTS/CdS/i:Zno/AZO. 

Both growth processes were found to give good quality kesterite films, 

showing CZTS as the main phase, large grains and suitable properties for PV 

application, but higher homogeneity and stoichiometry control were achieved using 

the co-sputtering route. 

A detailed investigation on CZTS optical properties, microstructure, intrinsic 

defect density and their correlation with the material composition is presented. A 

strong effect of the tin content on the bandgap energy, sub-gap absorption 

coefficient, crystalline domain and grain size is shown and a model based on the 

increase of the intrinsic defect density induced by a reduced tin content is proposed. 

These studies suggested a correlation between the increase of the bandgap energy 

and the improvement of the material quality, which was also confirmed by the 

performances of the final devices.  

CZTS thin films were then assembled into the solar cells and their properties 

as absorber layer were optimized by varying both composition and thickness.  

CZTS samples produced from stacked evaporated precursors allowed 

achieving a maximum efficiency of 3.2%, but reproducibility limits of the evaporation 

process made difficult to obtain further and rapid efficiency improvements. 

The co-sputtering route was demonstrated to be a more successful strategy, 

assuring a fine-control of the film composition with good process reproducibility. A 

fast improvement of solar cell efficiency was obtained using this approach and a 

maximum efficiency of 5.7% was achieved. The relationship between the absorber 

layer stoichiometry and the device performances was investigated: the effect of the 

Zn enrichment and a possible influence of the Cu/Sn ratio on the device 

performances are discussed.  

Investigation on CZTS/CdS and CZTS/MoS2 interfaces revealed that the 

optimization of both buffer-layer and back-contact technology is a primary need for 

further improvement of CZTS solar cells.  
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Chapter I 
 

Introduction 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

1.1 Advantages of thin film solar cells and limits of the 

actual technologies  

 

Cu2ZnSnS4 quaternary compound has attracted much attention in the last years 

being an earth abundant, low cost and non-toxic material, with desirable properties 

for thin film photovoltaic (PV) applications.  

Thin film solar cells (TFSCs) belong to the so-called second-generation PV, in which 

the active bulk-material, used as absorber layer in the standard (first generation) PV 

technology, is replaced by a thin-film, with typical thickness of micron.  

The huge reduction of the active material requirement respect to the standard 

technology allows a large decrease of the device costs. Moreover, the large 

versatility in the device design and fabrication, due to the wide choice of different 

substrates (rigid, flexible) and deposition techniques for the different device layers, 

allow engineering and optimizing the solar cell stack in order to enhance the device 

performances [23]. Thin film PV has been therefore recognised as a promising 

strategy to obtain high efficiency and low cost devices, thus fulfilling the actual 

requirements for the increasing electrical demand.  

TFSCs based on chalcogenide, such as Cu(In,Ga)(S,Se)2 (CIGS) and CdTe, have 

shown significant  improvement of the device efficiency in the  last 30 years and 

have currently reached mass production. In 2014, small area CIGS solar cells have 

reached an efficiency of 20.9% [169] (close to the record efficiency of bulk-crystalline 

Si solar cells (25%) [47]) and large-area modules with efficiency of about 13-14% are 

currently produced on industrial scale. Even CdTe solar cells (with a record efficiency 
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of 19.1% for research cell and 16.1%. for total area module [168]), have already an 

annual industrial production larger than 1.5 GW. Despite the large development of 

the actual chalcogenide-based PV, these technologies suffer from using toxic (Cd) 

and rare elements, such as In, Ga and Te, whose critical supply could be one of the 

main limits for the sustainability of these technologies in the years to come [26, 108, 

24].  

The development of new abundant, environmental friendly and low cost materials as 

possible alternative to CIGS alloys is a challenge to fulfil the requirements of PV 

massive production on terawatt scale foreseen in 2020-2040. [26, 49, 2]. 

 

 

1.2 Cu2ZnSnS(Se)4 compounds as alternative to CIGS 

alloys  

 

In the last two decades, many efforts have been addressed to the development of a 

new class of quaternary compounds as possible candidates to replace CIGS in thin 

film solar cells. These materials can be thought of as a derivation of CIGS 

chalcopyrite structure, by a process known as ñcross-substitutionò, consisting in the 

replacement of one element (In or Ga in the present case) with a couple of two 

elements of different groups of the periodic table, keeping fixed the ratio between the 

number of atoms and valence electrons. The resulting materials are therefore 

quaternary compound given by the chemical formula Cu2-II-IV-VI4, where VI is a 

chalcogen element (S or Se) while II and IV represent divalent (Zn, Cd, Fe) and 

tetravalent (Sn, Ge, Si) elements, respectively.  

Among the possible Cu2-II-IV-VI4 compounds, kesterites Cu2ZnSn(S,Se)4  

(CZTS(Se)) are the most studied and the rapid improvement of photovoltaic 

performances obtained in the recent years makes these materials even much 

attractive.  

Kesterites are very promising materials, being composed by low cost, widely 

available and non toxic elements (although selenium is sometimes added to the 

alloy) and showing desirable properties for thin film photovoltaic applications. 

CZT(S,Se) are spontaneously p-type semiconductors, with a direct band gap energy 

between 1 eV (for the pure selenide Cu2ZnSnSe4 alloy) and 1.5 eV (for the pure 

sulphide Cu2ZnSnS4), close to the optimal value to match the solar spectrum (in the 

limit of radiative recombination only, the theoretical conversion efficiency predicted 

by Schokley and Queisser for such semiconductors is as high as 30%). The direct 

band gap gives a high absorption coefficient, making these materials suitable as thin 

film photoactive layers, since a sensible absorption of the incoming light occurs 

within about one micron.  
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Solar cells based on a mixed sulphide-selenide Cu2ZnSnSxSe4-x absorber layer have 

recently reached an efficiency of 12.6% [162], while slightly lower efficiencies (with a 

record of 9.2% [74]) has been reported for Se-free CZTS compounds. Despite their 

current lower performances, the use of Se-free CZTS is obviously preferable from an 

environmental point of view as well as for the technical benefits related to its higher 

Eg value [139, 97] and extensive research in the kesterite field is currently 

addressed to the development of pure sulphide phase.   

 

The present work focuses on Cu2ZnSnS4 compound and is devoted to clarify some 

issues that can be important both for a better understanding of the material physical 

properties and for its application as absorber layer in photovoltaic devices.  

 

1.3 CZTS: history and research needs 

 

First evidence of PV effect in CZTS heterojunctions was reported in 1988 by Ito and 

Nakazawa [62], using a Cu2ZnSnS4 thin film deposited by atom beam sputtering.  

Thereafter, many works have been devoted to the development of this material as 

absorber layer and the extensive research led to a rapid and continuous 

improvement of CZTS solar cell performances. An efficiency of 6.7% was reported in 

2008 by the Japanese group headed by Katagiri [72], using a Cu2ZnSnS4 thin film 

deposited by co-sputtering technique.  A rapid improvement was then demonstrated: 

in 2011 the IBM group [139] reported a 8.4% efficiency solar cell obtained from co-

evaporated CZTS; vacuum-deposition based CZTS submodules (about 5×5 cm2-

sized) with efficiency increasing from 6.2 [57] to 8.6% [143] have been reported by 

Solar Frontier between 2011 and 2012 and very recently an efficiency of 9.2% has 

been achieved [74].   

 

Despite this rapid improvement, performances of CZTS based solar cells remain still 

far from their theoretical limit of about 30% [141]. The most important limiting factor 

has been identified with the low value of the open-circuit voltage (Voc) [116]. Even 

though an open circuit voltage of 711 mV has been recently achieved [143], Voc 

values are usually reported to be about 0.65 V, thus showing a large deficit with 

respect to the theoretical limit (Eg/q) of about 1.23 V predicted for CZTS-based solar 

cells (Eg(CZTS) å 1.5 eV).  

Several factors can be responsible for the low Voc of the actual CZTS devices, 

depending both on the absorber layer quality, and on the device architecture. 

 

CZTS phase stability and control of the intrinsic defects can be identified as the two 

major challenges to be addressed to further increase the material quality.  

Spurious phase segregation is a widely reported problem in the CZTS literature. 

Indeed, the Cu2S-ZnS-SnS2 pseudoternary phase diagram predicts a narrow stability 
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region for CZTS phase [109] and even small deviations from stoichiometry can lead 

to the formation of secondary phases, which can be detrimental for photovoltaic 

performances. Copper compounds, such as CuxSy and Cu2-xSnxS3, are known to be 

the most harmful [131], as their high conductivity can give rise to possible shunting 

paths, with consequential reduction of the Voc.  

Cu-poor and Zn-rich composition would be desirable to prevent the formation of 

detrimental copper-sulphide phases and this could likely explain why the best solar 

cells have been historically obtained using such compositions. However, as a result 

of the Zn-rich stoichiometry, a ZnS phase is often detected even in the best solar 

cells. The effect of this phase on the device performances is still unclear, but its role 

seems to be not harmful [74].  

 

A more critical issue to improve the material quality as absorber layer is the control of 

intrinsic defects. The low Voc has been indeed attributed to the electron-hole pair 

recombination phenomena, due to the activity of detrimental defects, which can be 

located into the bulk [17, 22, 120] as well as at the grain boundaries [6].  

Theoretical works investigated the possible intrinsic defects, their formation energy 

and the position of their energy levels inside the bandgap [18, 22, 17]. However, 

further efforts are required to experimentally clarify which defects are produced by 

the off-stoichiometry compositions and non-equilibrium conditions, typical of the 

actual fabrication processes. A deep knowledge of defect nature, their formation 

mechanism, location and impact on CZTS opto-electronic properties is indeed a very 

important issue to identify both the proper growth conditions and the optimal film 

composition that allow suppressing harmful defect formation.  

A clear understanding of these issues still remains an open problem: despite the 

difficulty related to different growth methods and process conditions, the role of the 

film composition on the material physical properties and on its intrinsic defect density 

is still unclear and part of the present work is devoted to investigate on this problem.  

 

Beside the optimization of the absorber layer, improvement of solar cell architecture 

and engineering is also required to further increase the device efficiency.  

One of the advantages of similarity between kesterite and chalcopyrite is that the 

standard device structure adopted for CIGS can be directly extended to CZTS, by 

simply replacing CIGS absorber layer with p-type CZTS thin films. A scheme of the 

typical solar cell stack is reported in Figure 1. 

The back contact is made of molybdenum, deposited onto soda lime glass (SLG) 

substrate. At the front interface, a CdS (n-type) buffer layer is deposited onto the 

CZTS (p-type) absorber, thus forming a p-n rectifying heterojunction, which allows 

charge separation. The top contact (referred to as the ñwindow layerò) is obtained by 

deposition of a Transparent Conductive Oxide (TCO), usually made of aluminum n-

doped ZnO (AZO). A thin layer of intrinsic zinc oxide (i:ZnO) is often introduced 
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between CdS buffer and AZO layer to prevent possible shunting paths, even though 

high efficiency devices have been obtained in the literature without i:ZnO [69]. Solar 

cell stack is then usually completed with a metal contact grid and a MgF2 anti-

reflection coating, used to enhance the charge collection and to reduce the reflected-

light loss, respectively. 

 
 

 

 

When CZTS is used in substitution for CIGS absorber, the back and the front 

interfaces can show off-optimum behaviour, thus limiting the device performances.  

 

Possible non-ohmic behaviour of the back contact has been suggested in the 

literature [160, 50, 140] as a limiting factor for the device performances. This 

behaviour has been imputed to the formation of a rectifying Schottky barrier between 

the absorber and the MoS2 interfacial layer, which usually forms as a result of the 

absorber fabrication process (which typically requires a heat treatment in sulphur 

atmosphere). However, the role of MoS2 is still unclear, as, if grown with proper 

electrical properties, its formation could be beneficial and even necessary to provide 

a good ohmic contact between CZTS and Mo [12]  (as it also happens in CIGS 

devices [156]). 

 

Another important issue for the development of CZTS technology concerns the 

absorber-buffer layer interface. The typical material used as buffer layer is CdS, 

being found to give the best performances devices both in CIGS and CZTS. Due to 

its 2.4 eV energy gap, the use of CdS gives rise to a parasitic absorption in the blue 

energy region (for wavelength lower than 500 nm). To minimize these undesired 

absorption phenomena, typical CdS thicknesses reported in the literature are less 

p - CZTS 

n-CdS 

i:ZnO - AZO   

Molybdenum 

Soda Lime Glass  

MgF2 

metallic -grid 

back-contact 

absorber-layer 

buffer-layer 

antireflection-coating 

window-layer 

Figure 1: Typical structure of solar cells based on CZTS absorber layer. 
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than 100 nm, but alternative buffer layers with wider band-gap energy than CdS 

would be preferable.  

A more critical issue is the band-alignment between CdS and CZTS. Off-optimum 

band alignment (cliff-like) at CZTS/CdS heterojunction has been widely reported in 

the literature [10, 142, 21] and it has been identified as a detrimental factor for the 

device efficiency, because of the enhanced interfacial recombination phenomena 

[160, 50, 99]. However, the values of the conduction and valence band offset are still 

controversial and there are even works reporting on optimal band matching (spike-

like alignment) between CZTS and CdS [53], which, on the contrary, would minimize 

electron-hole pair recombination at the interface. 

Many efforts are currently devoted to the engineering of alternative buffer layers, in 

order to optimize the interface band-offset and to reduce parasitic absorption 

phenomena. Cd-free buffer layers are obviously desirable from an environmental 

point of view, to avoid using a toxic material. Promising results by using not-specified 

Zn-based and In-based buffer layer have been recently reported in the literature [58]. 

However, CdS has to date yielded the best device performances and it has been 

also used in the present work as the standard buffer layer for device fabrication.  

 

Part of our research on CZTS solar cells has been devoted to investigate on the role 

of MoS2 on the back contact behaviour and to clarify the controversy on the band-

alignment at the CZTS/CdS front interface. 

 

1.4 Framework and aim of the work  

 

The present thesis is in the frame of a wider project for renewable and sustainable 

energy promoted by the Italian Ministry of Economic Development. Part of the 

funding has been devoted to Enea-Research Center for the development of 

Cu2ZnSnS4 compounds as innovative materials for photovoltaic applications, with the 

objective of achieving conversion efficiency of 5% in three years.  

 

The research activity started in 2010 and has been carried out in Enea laboratories 

in Rome, in collaboration with University of Trento and University of Rome. 

At that time, the activities on this subject at Trento as well as at Rome were just at 

the beginning and the achievement of the objective required different kinds of 

activities, concerning both the material synthesis and the development of device 

technology.  

Part of the work has been devoted to the development of the facilities and to the 

optimization of the techniques necessary for the growth of CZTS thin films, with the 

aim of obtaining materials with sufficiently good properties for PV application. Beside 

the work on material synthesis, parallel activities have been devoted to the 
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development of all the technologies and deposition processes necessary for solar 

cell fabrication.  

The work has been organized by setting the following interim goals:  

 

Material research area: 

 

1)  Development of experimental processes to fabricate CZTS thin films with correct 

phase, good crystallinity, uniform and controlled composition. 

 

2) Insight into CZTS basic physical properties to investigate some important issues 

of scientific interest, which can also be important for the optimization of material as 

absorber layer. The main points to explore are the CZTS optical properties, 

microstructure, intrinsic defect density and their correlation with the material 

composition.  

 

Device research area:  

 

3) Development of the growth processes for the deposition of all the layers 

necessary for solar cell fabrication. Each material (back-contact, buffer and window 

layer) must show suitable properties for its application into the solar cell stack. 

 

1.5 Strategy and achievement of the objectives 

 

For a fast improvement of CZTS solar cells, two different activities have been 

developed in the material research area, mainly differing for the growth methods 

used for the synthesis of CZTS thin films.  

 

At start of this work, we prepared an experimental set-up to produce CZTS thin films 

by sulphurization of stacked layer precursors, containing all the metals (Zn, Cu and 

Sn, or their sulphides) necessary for CZTS phase formation. Precursors have been 

deposited by electron-beam evaporation and have been annealed in a sulphur 

atmosphere in a tube oven. A similar approach was already been reported in the 

literature and was demonstrated to give good results in terms of device efficiency. 

One of the leader groups in the CZTS field, headed by Prof. Katagiri, reported on 

CZTS solar cells with over 5% of efficiency for CZTS absorber layer grown from 

stacked evaporated precursors, which were then annealed in H2S flux [69]. Our 

approach is slightly different, as elemental sulphur is used instead of H2S.  

This growth process allows us to quickly launch the research activity, as an electron-

beam evaporator and a tube-oven were available facilities in the ENEA laboratory.  

The process was demonstrated to give good quality CZTS thin films, showing CZTS 

as the main crystalline phase, large grain size, with suitable properties for PV 
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applications. Solar cells with efficiencies over 3% have been produced using this 

approach. 

 

However, an accurate and fine control of the film composition was an issue. Despite 

the film stoichiometry can be controlled by varying the metal proportions into the 

starting precursors, the growth method, with the available facilities, revealed some 

limits in terms of sample homogeneity, control and reproducibility of the process, 

thus making difficult to obtain fast improvements of the device performances.  

Despite the possibility for further development of CZTS thin films produced from 

staked precursors, the activities on these materials were stopped in 2012, to explore 

a new promising fabrication route, based on co-sputtered deposition of precursors.  

 

With the new process, adopted in a second stage of our activity after an upgrade of 

the deposition systems, CZTS thin films were grown by sulphurization of precursors 

obtained by simultaneous sputtering of the three binary sulphides: CuS, ZnS, SnS.  

The use of co-deposited precursors was already suggested in the literature as a 

promising strategy in terms of uniformity and control of material composition [72, 

160], as all the elements necessary for CZTS phase formation are already present 

and homogeneously mixed in the starting film.  

However, at the beginning of our activity, the co-sputtering from three different 

targets was not a widely explored route, being reported only by the Katagiri 

pioneering group, which used elemental Cu, ZnS and SnS compounds as sputtering 

sources. Co-sputtering from the three binary sulphides adopted in the present work 

is a quite innovative route, as both metals and sulphur can be incorporated in the 

correct proportion into the starting precursor. A similar approach, but based on Cu2S, 

SnS2 and ZnS targets, has then been reported in the course of our activities [59]. 

 

Co-sputtering method allowed obtaining good results in terms of control and 

reproducibility of the process. The chemical homogeneity of both precursor and final 

material, together with the possibility for an accurate control of the film stoichiometry 

by properly setting the sputtering powers, allowed fulfilling all the requirements of the 

first interim goal and also gave the possibility for a fast optimization of materials as 

absorber layers. CZTS solar cells produced from co-sputtered materials achieved 

efficiency close to 6% in 2013, thus fully achieving the final goal of the project.  

 

 

1.6 Structure of the work 

 

A brief overview of CZTS basic properties is presented in Chapter II. This thesis is 

then structured in three main experimental chapters: 
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Á Chapter III focuses on CZTS thin films produced by sulphurization of stacked 

layer precursors. After a description of the growth process, the characterization 

of the optimized materials in terms of chemical composition, optical properties 

and microstructure is presented. A detailed investigation on the stoichiometry 

effect on CZTS physical properties, such as energy gap, grain dimensions and 

intrinsic defect density is also presented in this chapter.  

 

Á Chapter IV concerns the development of CZTS thin films by co-sputtering 

deposition technique and mainly focuses on the optimization of these materials 

in view of their application as absorber layers in solar cells.  

 

Á Chapter V is related to the research activity on CZTS devices and it is 

structured in three main parts: in the first part, solar cell fabrication processes 

are described and the characterization of all the layers (back-contact, buffer 

and window layer) necessary for the device is presented. The second part 

concerns our investigations on the back contact and front interface, while the 

third part focuses on the efficiency evolution of solar cells produced by using 

both staked evaporated and co-sputtered precursors.  

 Conclusion and future perspectives are then presented in Chapter VI. 
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Chapter II 
 

General properties of Cu2ZnSnS4: 
a brief overview 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1 Crystal structure and polymorphism 

 

Cu2ZnSnS4 compounds may exist in two main crystal structures, known as kesterite 

and stannite [54]. Both are tetragonal structures, consisting in a cubic closed packed 

array of sulphur anions, with cations occupying one half of the tetrahedral voids, with 

a stacking similar to zincblende. The structural differences are related to a different 

order in the cation sublattice:  kesterite, with space group Ὅτ, is characterized by 

alternating cation layers of CuSn, CuZn, CuSn and CuZn at z=0, 1/4, 1/2 and 3/4, 

respectively, whereas in stannite structure, with Ὅτςά symmetry, ZnS layers 

alteranate with Cu2 layers. Tin and sulphur ions occupy the same lattice positions in 

both structures. Tetragonal supercells of kesterite and stannite are reported in Figure 

2. The lattice constants a and c are similar for both structures: according to Paier et 

al. [112], for kesterite structure a  5.46 ᴠ and c  10.93 ᴠ, but slightly different 

values can be found in other works [114, 126].  

All the ab-initio calculations [112, 114] predict that the stable structure for Cu2ZnSnS4 

is kesterite (possibly along with cation disorder within the CuïZn layer), but different 

polymorphs, with only slightly higher total energy [112, 173] have been considered in 

the literature. The most important is stannite, with an energy difference (ῳὉ) respect 
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Figure 2: Schematic representations of the kesterite (a) and stannite (b) structures, from 
[112] 

to kesterite of only few meV per atom (ῳὉ values between 1.3 and 3.4 meV/at can  

be found in the literature [19, 112, 114]). Additional tetragonal structural 

modifications have been predicted [112, 173, 137]. These modifications belong to 

the space groups ὖτςὧ, ὖτςὧ and ὖς and are obtained by the exchange of two 

ions on the cation sublattice. The bandgap and the formation energies of the CZTS 

structures generally considered in the literature are reported in Table 1. The total 

energy excess (ῳὉ) of ὖτςὧ and Ὅτςά symmetry structures respect to kesterite 

stable state (Ὅτ) is much lower than ὯὝ at room temperature, so that the possible 

co-existence of these three polymorphs has been suggested in the literature [137, 

61]. 

These theoretical results are partially confirmed by neutron diffraction data reported 

in [126], revealing a disordered distribution of Zn and Cu atoms in CZTS samples, 

showing kesterite structure.  

Table 1: Energy gap (Eg) and formation energy difference (ЎὉ) with respect to the stable 
kesterite state  as obtained from the  ab-initio calculations reported in [112]. 

Symmetry Ὅτ ὖτςὧ Ὅτςά ὖς ὖτςὧ 

Eg (eV) 1.49 1.46 1.29 1.07 1.20 

ῳὉ(meV/at) 0 0.75 3.37 17 24.4 

structure Kest. Mod. Stann. Mod. Mod. 
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2.2 Opto-electronic properties 

 

2.2.1 Electronic Band structure and effective masses 

The electronic structure of CZTS and CZTSe and other related compounds were 

investigated by first principle calculations in several works [104, 88, 114, 112] Details 

of the electronic band structure of CZTS(e) can be found in [114]. The results show a 

direct ῲ-point energy gaps for both CZTS kesterite and stannite structures, with 

energy gap values of 1.56 and 1.42 eV, respectively. These values agree quite well 

with experimental works on CZTS single-crystals [60, 95], even though some spread 

of results (varying from 1.4 to 1.7 eV) can be found in the literature for CZTS thin 

films [95, 73, 148, 39, 102]. The electronic diagram and density of states (DOS) 

predicted by Persson [114] for Cu2ZnSnS4 kesterite structure are reported in Figure 

3.  

An isolated conduction band (CB) is predicted by these calculations: the energy gap 

between the lowest CB and higher lying CBs is about 1 eV, and thus the higher CBs 

do not contribute to the optical absorption in the low energy regime. As a 

consequence, a decrease of the CZTS absorption coefficient is expected at energy 

higher than about 2 eV, thus giving a peak in the absorption spectra. A similar 

behaviour is also expected for CZTSe [114], as confirmed by recent experimental 

work [51]. 

 

 

Figure 3: Electronic band structure of Cu2ZnSnS4 kesterite structure predicted by 
Persson  [114]. 

 

First principle calculations by Persson [114] also provide important information on 

the charge carrier effective masses.  
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The results, reported in Table 2, predict a fairly good isotropic electron effective 

mass (ά ) of the lowest CB, whereas hole masses show strong anisotropy in both 

CZTS(e) kesterite and stannite-type structures. The value of electron effective mass 

is about 0.18 ά  in CZTS and about 0.07 ά  in CZTSe, comparable with that of 

CIGS (ͯ 0.20 ά ) and CIGSe (ͯ 0.10 ά ) [113]. The smaller electron masses in the 

Se-based compounds compared to the sulphide phases result in higher mobility of 

the minority carriers, so that a better response to an applied electric field is expected 

in CZTSe compared to CZTS. However, it has to be pointed out that the mobility is 

strongly influenced by scattering mechanisms and therefore it depends on the 

material quality. Some experimental values of the Hall mobility measured in CZTS 

and CZTSe samples are reported later on.  

 

Table 2: ῲ-point effective electron masses (ά ) and hole masses (ά , for ὲ=ὺρȟὺςȟὺσ, 
where ὺρ is the topos VB). The symbols  ᷆and Ṷ are used for longitudinal and transverse 
masses respectively (from [114]). 

Effective mass kesterite Stannite 

άὩ
Ṷ άπ  0.18 0.17 

άὩ
᷆ άπ  0.20 0.18 

άὺρ
Ṷ άπ  0.71 0.33 

άὺρ
᷆ άπ  0.22 0.84 

άὺς
Ṷ άπ  0.35 0.27 

άὺς
᷆ άπ  0.52 0.88 

άὺσ
Ṷ άπ   0.26 0.73 

άὺσ
᷆ άπ 0.76 0.17 

 

 

Using the mass values reported before, it is possible to calculate the effective 

density of states in a given band ὼ from the expression [147]:  

 

ὔ ς
ς“ά  ὑὝ

Ὤ
ςȢυϽρπ 

ά  

ά
   ȟ 

 

where ά  is the geometric mean of the effective masses of the free charge carrier  

(electron or hole) along the three directions of the ellipsoidal equipotential surfaces 

(centred at the : ῲ point): 
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ά  ά᷆ά      ᵼ    

ά πȢρψφ ά
ά πȢτψ ά
ά πȢτπ ά
  ά πȢσχρ ά

 

 

The corresponding density of states in the CB and in the three VBs are about:  

 

ὔ ςȢυϽρπ ὧά    

ὔ ψȢσϽρπ ὧά   

ὔ φȢσϽρπ ὧά   

ὔ υȢφϽρπ ὧά   

 

 

2.2.2 Intrinsic defects and electronic properties 

In a quaternary compound such as CZTS, several intrinsic point defects are 

possible, including vacancies (VCu, VZn, VSn, and VS), antisite defects (CuZn, ZnCu, 

CuSn, SnCu, ZnSn, and SnZn), and interstitial defects (Cui, Zni, and Sni). These defects 

can introduce shallow or deep levels within the bandgap, can show donor or 

acceptor behaviour, can act as traps or recombination centre, thus influencing the 

opto-electronic properties of the host material.  

CZTS show spontaneous p-type conductivity. This behaviour has been attributed to 

the presence of intrinsic acceptor defects with low formation energy.  

Theoretical calculations of defect formation in CZTS compounds have been actively 

reported since 2010 [20, 22, 103, 89]. The values of the intrinsic defect ionization 

levels within the band gap of Cu2ZnSnS4 predicted by Chen et al. [22] are 

summarized in Figure 4  [159]. 

According to these works, the copper vacancy results in a shallow acceptor level just 

above the valence band, while the CuZn antisite results in a level 0.12 eV higher in 

energy. Contrary to CIS, in which the VCu is the dominant defects, ab-initio 

calculation [22, 103] show that in CZTS the intrinsic dominant defect is CuZn antisite, 

showing the lowest formation energy. A negative value is reported in [103], whereas 

calculations reported in [22] predict that the CuZn formation energy becomes 

negative for Fermi Level higher than 0.12 eV. Both works reveal a self-compensation 

mechanism, which prevents the possibility for a n-type doping and for a CZTS type-

inversion at p-n heterojunctions.  

In addition to the CuZn antisites, other four dominant defects are predicted, showing a 

relatively low formation energy for Cu-poor CZTS composition (which is typically 

used in PV application). These defects, in order of increasing formation energy, are:  

VCu, ZnSn, VZn and CuSn.  
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Figure 4: The ionization levels of intrinsic defects in the bandgap of Cu2ZnSnS4 [159]. 

 

Intrinsic defects play an important role in view of semiconductor performances as 

absorber layers. Deep levels are indeed detrimental for PV applications as they 

introduce traps or recombination centres for photogenerated electron-hole pairs.  

 

First principle calculations reported in [22] predict the CuSn
3- antisite as a deep level 

acceptor defect, with energy close to the midgap and with low formation energy. This 

defect is therefore expected to be the most active recombination centre in CZTS 

[120, 22]. However, the same calculations show that charge-compensated defect 

complexes such as [CuSn + SnCu] are likely to form and passivate deep levels in 

CZTS [22]. More recent calculations [18] also predict the [CuZn+SnZn] defect cluster 

as a detrimental defect for photovoltaic performances, showing relatively low 

formation energy and producing a deep donor level. According to these predictions, 

Cu-poor and Zn-rich composition would be desired to suppress the formation of 

these detrimental defects. This could also explain why the best solar cells have been 

historically produced using CZTS with such composition. In addition to the defect 

complexes previously mentioned, a large number of possibilities have been also 

predicted. Among them, those with the lowest formation energy (for Cu-poor 

composition) are [VCu
ī + ZnCu

+], [ZnSn
2ī + 2ZnCu

+] [22] and [2CuZn+SnZn] [18].  

The theoretical results reported in the literature and briefly described here give an 

important contribution to understand the electronic properties of CZTS and their 

relation with the material intrinsic defects. However, further investigations are 

necessary to understand the nature of different defects which may result from off-

stoichiometry compositions and non-equilibrium conditions, typical of the actual 

fabrication processes, in order to control detrimental defects and improve the 

material quality as absorber layer.  
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2.2.3 Conductivity and mobility data 

Experimental results confirm that CZTS is a spontaneously p-type semiconductor. A 

wide range of conductivity and mobility values can be found in the literature, 

depending on the film composition and growth technique [172, 148, 105, 174]. Free 

carrier mobility is strongly influenced by scattering mechanisms, and therefore 

different results are obtained depending on the material quality (defect density, 

presence of spurious phases).   

Values between 5 and 12 cm2/(V s) are reported for materials grown by 

sulphurization of metallic precursors deposited by ion-beam sputtering [172], 

whereas lower values (about 6 - 7 cm2/(V s)) were found for precursors deposited by 

RF magnetron sputtering. Resistivity values lower than 1 Ý cm are reported for 

these samples. The highest mobility reported for CZTS is 30 cm2/(V s) [84], obtained 

for a film grown by reactive co-sputtering deposition of metallic precursors in H2S 

atmosphere. The final material showed a resistivity of 5.4 Ý cm.  

High resistivity values (about 200 Ý cm) are reported in [105], where CZTS samples 

are obtained upon heat treatment in H2S of quaternary polycrystalline precursors 

prepared by spray-deposition. A rapid decrease of resistivity (down to 10-2 Ý cm) 

was observed by the authors for increasing copper content and a similar trend was 

also recently reported for co-evaporated CZTSe samples [145].  For Cu-rich 

samples, conductive copper sulphide phases are often detected and are suggested 

to be responsible for the low sample resistivity [105], [148]. However, the high 

conductivity of Cu-rich CZTS samples could also depend on higher CuZn defect 

concentration compared to stoichiometric film.  

Some reported resistivity, mobility and hole density values obtained from Hall 

measurements are shown in Table 3. 

 

Table 3: Reported resistivity, mobility and carrier density values as determined by Hall 
effect measurements.  

” 

Ý cm 

‘ 

cm2/(V s) 

p  

cm-3 

Ref. 

0.15 6.3 8.2·1018 [172] 

0.13 6.0 8.0·1018 [148] 

~ 0.13 12.6 3.8·1018 [174] 

0.36 11.6 4.5·1017 [172] 

5.4 30 3.9·1016 [84] 
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Estimates of the hole concentration were also obtained from Capacitance-Volatage 

(C-V) measurements [132, 69] performed on the final devices. For good performance 

solar cells, the hole density was found to be in the order of 1016-1017 cm-3, whereas 

materials with higher carrier density (up to about 1018 cm-3) were found to give worst 

devices [69]. The analysis of QE curves of these solar cells revealed that the 

minority carrier diffusion length increases with decreasing acceptor concentration. 

These results suggest that good quality CZTS thin films have to show sufficiently 

high resistivity, likely correlated to a low defect concentration. A lower limit for the 

material resistivity to obtain working devices seems to be 10 Ýcm, which, using a 

mobility of 5 cm2/(Vs), corresponds to a free carrier concentration of about 1017cm-3. 

  

 

2.3 Cu2S-SnS2-ZnS pseudo-ternary phase diagram: CZTS 

phase stability and spurious phases 

 

Control of the phase stability is a central point for the development of high quality 

CZTS absorber layers. The representation of the Cu-Zn-Sn-S quaternary system is 

obviously quite complex since quaternary compounds would require a four 

dimensional diagram, and the temperature would also introduce an additional 

variable. This problem can be simplified by considering a pseudo-ternary phase 

diagram in which a perfect balance between metal and sulphur is assumed. This 

means that the amount of sulphur incorporated in the material is assumed to be only 

dependent on the amount of metals and on their valence: Cu(I), Zn(II) and Sn(IV).  

A quasi-ternary system of practical interest for Cu2ZnSnS4 is Cu2SïZnSïSnS2. The 

phase equilibria were investigated by Olekseyuk et al [109], who presented the 

phase diagram, reported in Figure 5, for the system at 400°C.  

A very narrow stability region is expected for CZTS, which shows a Cu2ZnSnS4 

single phase only within the small filled area at the centre of the diagram. 

Stoichiometry variations out of this region lead to the formation of additional 

secondary phases. Depending on the system composition, different secondary 

phases are expected and are shown in Figure 5, in the corresponding regions of the 

phase diagram. CuxS compounds can be expected for Cu-rich compositions, as well 

as for Sn- and Zn-poor stoichiometry. In this last region, Cu-Sn-S ternary phases are 

also expected. No stable ternary compound is expected to form neither between ZnS 

and SnS2 nor between ZnS and Cu2S. ZnS is expected as a single phase (alongside 

CZTS) for Zn-rich composition. For Cu-poor or Sn-rich samples, a second quaternary 

compound Cu2ZnSn3S8 (discovered by Olekseyuk et al. in [109]) is also expected 

from the reaction of SnS2 and CZTS at 700°C. 

It has to be pointed out that, because of the previous assumption of a perfect 

balance between sulphur and metals, only secondary compounds with Cu(I), Zn(II) 

and Sn(IV) are taken into account in the Cu2S-ZnS-SnS2 system diagram, whereas 
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those involving metals in different oxidation states (such as Cu2SnS4, Cu3SnS4 or 

Cu4SnS6) are not considered.   

A wide list of possible spurious compounds (also detected either as reaction 

products during CZTS formation [128, 165] or as segregated phases in the final 

CZTS films [161, 38]) are reported in Table 4 [164, 68]. 

 

 

 

Figure 5: Isothermal section of the Cu2SðZnSðSnS2 quasi-ternary system at 400°C [109]. 
Secondary phases expected in the different regions of the phase diagram are also 
reported.  

 

Table 4: Secondary phases for the Cu-Zn-Sn-S system.  For each material, the stability 
region, the crystal structure, the bandgap energy Eg and the XRD card are reported.  

Chemical 

formula 

Mineral Stabiliy Structure Eg (eV)  XRD  

card 

CuS Covellite 

  

T < 507°C exagonal 1.7 06-0464 

75-2233 

Cu2S Low- 

Chalcocite 

0°C < T < 104°C orthorhombic 1.18 

[96] 

23-0961 

73-1138 

CZTS +  ZnS  + Cu 2 S 

CZTS + Cu 4 SnS 4 
+ Cu 2 S 

CZTS + Cu 4 SnS 4 
+ Cu 2 SnS 3 

CZTS + Cu 2 SnS 3 
+ Cu 2 ZnSn 3 S 8 

CZTS + ZnS 
+ Cu 2 ZnSn 3 S 8 
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Chemical 

formula 

Mineral Stabiliy Structure Eg (eV)  XRD  

card 

Cu2S High-Chalcocite 90°C < T < 435°C exagonal  84-0206 

Cu9S5 Digenite 72°C < T < 1130°C rhombohedral 1.8 

[87] 

47-1748 

84-1770 

Cu31S16 Djurleite T < 93°C orthorhombic 1.4 42-0564 

83-1463 

Cu7S4 Anilite T < 75°C orthorhombic  72-0617 

2H-ZnS Wurtzite  exagonal 3.91 79-2204 

ZnS Sphalerite  cubic 3.54 

 

05-0566 

71-5975 

a-SnS Herzenbergite Tmelt < 605°C orthorhombic 1.3 

 [123] 

83-1758 

(Amnm) 

ɓ-SnS  Tmelt > 605°C   73-1859 (Pbnm) 

Sn2S3 Ottemanite   1 

[123] 

75-2183 

2H-SnS2 Berndtite Tmelt = 870°C exagonal 2.2 

[123] 

23-0677 

83-1705 

4H-SnS2     21-1231 

Cu2SnS3  T>400°C Cubic 0.96 

[37] 

 

Cu2SnS3  T<400°C tetragonal 1.35 

[37] 

 

Cu3SnS4 Isostanite  orthorhombic 1.60 

[37] 

36-0218 

Cu4SnS6 Synthetic Tmelt <537°C rhombohedral  36-0053 

Cu2ZnSnS4 Kesterite  tetragonal 1.5 26-0575 
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2.3.1 Effect of secondary phases on CZTS absorber layer and 

solar cells  

The control of secondary phase formation in CZTS is a critical issue to obtain high 

efficiency devices.  

Cu-S and Cu-Sn-S compounds are detrimental for PV application of CZTS, being 

highly conductive phases [157, 107, 167], which can create shunting paths in the 

final devices. Cu2SnS3 (CTS) can form a solid solution with CZTS, lowering the Eg 

and increasing the conductivity of the final compound.  

CuxS phases are often detected also in CIS alloys as a result of the Cu-rich 

compositions, usually adopted to enhance the grain growth [153]. In CIS, CuxS 

phases segregate on the surface and can be removed by KCN chemical treatment. 

The effect of Cu-rich composition on CZTS seems to be still controversial: similar to 

CIS, an improvement of crystallinity with the increase of copper-content in co-

evaporated CZTS films grown is reported in [151], but opposite trends are observed 

in [29, 128, 149], for CZTS samples grown by sol-gel and electrochemical 

deposition. A trend opposite to CIS was also reported by Katagiri group [66] for 

CZTS films grown from co-sputtered precursors, where an improvement of CZTS 

morphology was observed for decreasing copper content. Similar to CIS, copper 

sulphides segregated on the CZTS top surface can be removed by KCN chemical 

treatment, but undesirable voids can result upon etching in case of dispersed or 

large CuxS/CTS segregations [35], [170]. Copper-poor and zinc-rich compositions 

are therefore desirable to suppress Cu-S detrimental phase formation and are 

usually adopted in the literature for realization of high efficiency CZTS devices [72, 

160].   

As a result of the Cu-poor and Zn-rich composition, ZnS phases are often detected 

in the final CZTS films. The effect of this phase on the final devices is not clear. 

Indeed, due to its quite high bandgap energy (3.54 eV), ZnS segregations can give 

insulator regions in the CZTS absorber layer, thus lowering the device performances. 

However, ZnS segregations have been often detected even in the best solar cells 

reported in the literature [74, 161], so that its role on the device performances seems 

to be not-harmful.  

Tin sulphide phases can also result from Cu-poor (and Sn-rich) composition. Sn-S 

phases have been detected by in-situ XRD measurements as reaction products 

during CZTS formation [165, 128] and can also be found as segregated phases in 

the final CZTS films [34]. No detrimental effect of SnS2 phases for PV performances 

has been reported. However, due to the quite high vapour pressure of SnS, tin 

losses due to SnS evaporation from CZTS films have been widely reported in the 

literature [42, 163, 134] and can be harmful (especially for vacuum-based 

processing) in terms of both stoichiometry control and CZTS phase stability [134].   
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2.3.2 Detecting secondary phases in CZTS 

X-ray diffraction (XRD) and Raman Spectroscopy are generally used as 

complementary techniques to characterize CZTS samples.  

Cu2-xS spurious phases, as well as SnxSy compounds (SnS, SnS2 and Sn2S3) can be 

easily identified by X-ray diffraction, showing diffraction peaks clearly distinct from 

those of CZTS. However, as shown in Figure 6 [159], ZnS and CuxSnSx-1 (CTS) 

phases are quite difficult (if not impossible) to be distinguished from CZTS phase.  

Indeed, the most probable ZnS cubic phase show a crystal structure very similar to 

CZTS (having the same in-plane cell parameters and being the kesterite c parameter 

a multiple of the ZnS one). Therefore, ZnS diffraction pattern is superimposed to the 

CZTS one. Among CTS compounds, only the orthorhombic Cu3SnS4 phase can be 

detected in CZTS samples by XRD, whereas problems similar to ZnS are found for 

Cu2SnS3 compounds: because of their similar symmetry and lattice constant with 

CZTS, the diffraction peaks of both cubic and tetragonal Cu2SnS3 are superimposed 

to those of CZTS phase [38]. 

 

 

Figure 6: Overlapping of CZTS, Cu2SnS3 and ZnS XRD peaks [159]. 

 

Raman spectroscopy is an alternative means to distinguish possible secondary 

phases present in CZTS samples. It has to be noted, however, that with the typical 

laser excitation sources (3ͯ00 650 nm) used in Raman spectroscopy, the light 

penetration depth is in the order of hundred nanometers or less (the penetration 

depth can be roughly estimated as 1/(2‌), where ‌ is the sample absorption 

coefficient) and therefore only the surface region of the samples can explored in 
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planar configuration. In-depth analysis can be performed using the sample cross-

section, or by measuring the Raman spectra while sputtering the sample to different 

depths.  

    A clear Raman spectrum of a Cu2ZnSnS4 sample (measured on a monograin 

powder) showing all the CZTS characteristic peaks is reported in [4] and it is shown 

here in Figure 7.  A list of the Raman peaks of other phases of practical interest is 

reported in Table 5.  

 

 

Figure 7: Typical Raman spectrum of a Cu2ZnSnS4 monograin powder [4]. 

 

Table 5: Reported Raman peaks of CZTS and related ternary and binary phases. 

 Raman Shift (cm-1) Reference 

CZTS  338, 287, 351, 368, 257 [4, 34] 

ZnS 352, 275 [106] 

Cu2SnS3  (tetragonal) 337, 352, 297 [37, 36] 

Cu2SnS3  (cubic) 303, 356 [37, 36] 

Cu3SnS4 318, 295, 348 [37, 36] 

Cu2-xS 476 [34] 

SnS 160, 190, 219 [86] 

Sn2S3 307 [86] 

SnS2 215, 315 [86] 
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Looking at these data, it appears that the main vibrational peaks of ZnS and 

tetragonal Cu2SnS3 are very close to CZTS characteristic peaks. Using laser 

excitation in the red-energy region, a clear identification of these phases could be 

difficult, especially when only traces of ZnS and CTS coexist with CZTS. Quite recent 

works showed that unambiguous identification of ZnS (even when present only in 

small quantity) can be possible by using Raman spectroscopy with UV resonant 

excitation conditions (‗ = 325 nm) [33].  

 

Other experimental techniques can be useful to detect spurious phases in CZTS 

samples. EDX scans in STEM mode have been reported in the literature [161] and 

allowed identifying secondary phases present as segregated clusters both in the bulk 

and at the grain boundaries.  

Chemical depth profiles (using several techniques such as EDX, XPS, SIMS and 

GDOES) can also be useful to detect spurious phases, which tend to be localized in 

particular region the sample. For example, ZnS segregations on the bottom of CZTS 

thin films are widely reported in the literature and can be clearly revealed by 

measuring the Zn-depth profile [139, 74].  

 

Optical measurements can also be used to evaluate the presence of possible 

spurious phases. For example, conductive copper sulphide phases are expected to 

lower the sample transmittance and give a contribution to the optical absorption in 

the energy region below the CZTS bandgap. These phases, indeed, show a high 

absorption coefficient in the infrared region due to a high defect and free carrier 

density. A contribution in the infrared region is also expected when spurious phases 

with Eg lower than the CZTS bandgap (such as SnS, Sn2S3 and Cu2SnS3) are 

present in the sample.  
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Chapter III 
 

CZTS thin films from stacked evaporated 
precursors 

 

Part of this chapter has been published in: 
 
 
C. Malerba, F. Biccari, C.L. Azanza Ricardo, M. Valentini, R. Chierchia, M. Müller, A. Santoni, 

E. Esposito, P. Mangiapane, P.Scardi and A.Mittiga 

òCZTS stoichiometry effects on the band gap energyó, 
Journal of Alloys and Compounds, 582 (2014) 528-534 
 
 
 

C. Malerba, C.L. Azanza Ricardo, M. Valentini, F. Biccari, M. Müller, L. Rebuffi, E. Esposito, P. 

Mangiapane, P.Scardi and A.Mittiga 

òStoichiometry Effect on CZTS Thin Films Morphological and Optical Propertiesó, 
Journal of Renewable and Sostainable Energy, 6 (2014) 011404. 
 
 

 

3.1 Introduction 

 

The present chapter concerns our investigations on CZTS thin films grown by 

sulphurization of stacked evaporated precursors deposited by electron beam 

evaporation. This method has been reported in the literature as a successful route to 

grow high quality CZTS thin films, giving devices with efficiency over 5% [69]. A 

description of the growth process and its optimization to obtain CZTS samples with 

good quality in terms of phase stability, composition control and homogeneity is 

presented in the first sections, whereas attention is then paid to investigations on the 

basic physical properties of the final materials. A detailed study of optical, 

microstructural and morphological properties of CZTS thin films is presented and the 

correlations with the material stoichiometry are discussed. 

 

A deep knowledge of the material physical properties and their correlation with the 

growth conditions is a key point to improve the material quality as absorber layer, but 

a clear understanding of these issues still lacks. It is widely accepted that Zn-rich 

and Cu-poor compositions give the best results in terms of conversion efficiency of 

the final devices [71], but the role of the stoichiometry on the basic physical 

properties of CZTS has not yet been completely understood.  
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A large spread of energy gap values can be found in the literature, where 

values from 1.4 to 1.7 eV are reported [38, 73, 101, 150]. Even though this variability 

can partially depend on the extrapolation method used to derive the Eg value from 

the optical data, it appears that both composition and sulphurization/growth 

conditions influence the CZTS optical properties [70, 149, 150]. However, no clear 

trends have been yet univocally established [69, 144, 149] , thus making difficult to 

devise a suitable explanation for this variability.  

Another issue of utmost importance and not completely understood is the 

influence of the material composition on the final morphology and microstructure. For 

example, the influence of the copper content on the grain growth is quite 

controversial: Tanaka et al. [151] report an improvement of the crystallinity of co-

evaporated CZTS thin films with the increase of the copper content, in accordance 

with the results also obtained in CIGS [153] , whereas opposite trends are reported 

in other works [29, 149], where larger grains are found to form with the decreasing 

copper concentration in kesterite thin films obtained by sol-gel and electrochemical 

deposition.  

Even though the microstructure is also influenced by the growth process, 

further investigations on the stoichiometry effects on the CZTS morphology are an 

important issue, since a material with large grains helps to get better device 

performances. Indeed, the grain boundaries typically introduce additional defects, 

which can act as recombination centres for the electron-hole pairs, reducing the cell 

efficiency. This problem should be particularly important in CZTS-based devices, 

since the grain boundary effect could be more detrimental than in chalcopyrites 

(CIGS) [82]. 

 

 

 

3.2 Growth method 

 

CZTS thin films were grown by a two-step process. The first step is a vacuum 

deposition by electron beam evaporation of stacked precursors composed by 

multiple layers of ZnS, Cu and Sn. This step is followed by a heat treatment of 

precursors in a sulphur atmosphere (sulphurization), necessary to convert in initial 

stack into CZTS thin film. Soda lime glass (SLG) and molybdenum covered SLG 

were used as substrates, thus allowing characterization of the final materials both as 

isolated films (on insulator and transparent substrate) and as absorber layers in solar 

cells.  The substrates are kept at 150°c during evaporation process, to allow a first 

interdiffusion of the metals into the starting stacks.  
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3.2.1 Precursor deposition by e-beam evaporation 

Stacked layer precursors were deposited by using a Balzers BAK640 electron beam 

evaporator with a planetary sample holder. A picture of the vacuum chamber is 

reported in Figure 8.   

 

 

 

Figure 8: Balzers BAK640 electron-beam evaporator used for deposition of stacked layer 
precursors. 

 

The system is equipped with a quartz balance, placed at the centre of the planetary, 

which allow controlling the amount of deposited material. However, the software 

which controls the system does not provide a direct measure of the deposited mass 

(ά ), but provides the thickness (d) of the evaporated film, obtained from the 

theoretical value of the material density (ɟ, Table 6) and the value of the sensitive 

area (A) of the balance (i.e. the area of the balance surface exposed to the 

evaporation): Ä Í !Ͻʍϳ . In these systems, the thickness value is usually 

automatically corrected by using proper tooling factors (TF), which take into account 

possible difference between the thicknesses of the films deposited on the balance 

and on the substrate, mainly due to system geometry and sticking coefficient:  

 

Ä 4& ϽÍ ʍϽ! 4& ϽÍ ʍϳϳ ,  

 

where Í  is the mass deposited on the quartz balance per unit area.  

 

However, for a proper mass control, the real density of the evaporated material must 

be taken into account. Indeed, depending on the porosity of the evaporated film, its 

Balzers BAK640 

Planetary sample holder  

 

Crucibles containing 

material sources 



40 

density could be different from the theoretical value expected for the corresponding 

bulk material, thus introducing an error in the mass to thickness conversion and 

therefore in the estimate of the amount of the evaporated material. Another source of 

error could be a possible temperature difference between substrate and balance.  

In order to improve the accuracy in the mass control, we calibrated our deposition by 

using proper correction factor (F), obtained from the direct measure of the real mass 

evaporated on the substrate. To obtain the calibration factors, each layer was 

deposited by setting a nominal thickness (d), by simply fixing TF=1 and using the 

theoretical value for ʍ. The real mass evaporated on the substrate per unit area 

Í  in these conditions was then measured by a high precision balance (with 

accuracy of 10-6 g) and the calibration factor F was obtained by the simple equation:  

 

Ä Ͻ& Í  

 

The molar mass (M, see Table 6) of each element was then used to convert the 

nominal thickness into the number of evaporated mol.  

 

Ä Ͻ&
Í

-
 

 

To take into account the correct sticking coefficient, the calibration of each material 

was performed using the proper substrate, according to the structure chosen for the 

precursor stack. The typical stack order used in this work is SLG/ZnS/Sn/Cu and 

therefore a SLG was used to obtain calibration factor for ZnS, a ZnS covered SLG 

was used for the calibration of Sn and a Sn covered SLG was used to calibrate the 

Cu amount.  

Multiple depositions were performed for each material, and each sample was 

weighed several times. In this way, calibration factors were obtained by a statistical 

analysis based on Gaussian distribution. The results are reported in Table 6, with the 

corresponding errors.  

Table 6: Theoretical density, molar mass and calibration factors ἐ  and ἐ  for ZnS, Sn 
and Cu. 

Material Density 

(g/cm3) 

M 

(g/mol) 

             ἐ 

(nmol cm-2 nm-1) 

 ἐ 

(µg cm-2 nm-1) 

ZnS 4.09 97.47  2.42 ± 0.07 0.236 ± 0.007 

Sn 7.31 118.71  4.25 ± 0.13 0.505 ± 0.015 

Cu 8.94 63.55  8.98 ± 0.27 0.571 ± 0.017 
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3.2.2 Deposition of precursors with different compositions 

Calibration factors obtained with the procedure described before were used to 

properly set the nominal thicknesses of the different layers into the starting stacks, in 

order to obtain precursors with the desired [Cu]:[Zn]:[Sn] metal proportions.  

In this work, precursor composition was varied within the Cu-poor and Zn-rich 

stoichiometry region, which is known to give CZTS samples with the best 

performances as absorber layer [71].  

All the precursors were prepared keeping fixed the copper amount, and the metal 

proportions were varied by changing the thicknesses of both ZnS and Sn layers into 

the starting stacks.  

 

First experiments were performed by changing the zinc amount, varying the [Cu]:[Zn] 

ratio from 2:1 to 2:1:48, while keeping fixed at 2:1.18 the nominal [Cu]:[Sn] ratio (see 

Table 7). The total nominal thickness of ZnS, Sn and Cu in these precursors is 

reported in Table 7, where an integer number, increasing from 1 to 4, is used to 

indicate the increasing Zn content.  

 

Table 7: Total nominal thicknesses of ZnS, Sn and Cu and corresponding metal ratios in 
precursors with increasing zinc content (labelled with increasing integer numbers). 

Composition Type ZnS (nm) Sn(nm) Cu(nm) [Cu]:[Zn]:[Sn] 

#1 440 300 240 2 : 1.00 : 1.18 

#2 500 300 240 2 : 1.12 : 1.18 

#3 560 300 240 2 : 1.26 : 1.18 

#4 660 300 240 2 : 1.48 : 1.18 

 

 

CZTS samples obtained from these materials were characterized both as isolated 

films and as absorber layer in the final devices. Despite the large excess of zinc 

content, CZTS thin films produced from #4-type precursors showed the best 

performances as absorber layers.  

For this reason, additional samples were prepared keeping fixed at 2:1.48 the 

[Cu]:[Zn] nominal ratio (corresponding to #4-type precursors), and changing the 

nominal Sn amount from [Cu]:[Sn] = 2:1.06 to [Cu]:[Sn] = 2:1.31. The total nominal 

thicknesses of ZnS, Sn and Cu in these precursors are reported in Table 2, where 

the labels #4(-), #4(0) and #4(+) are used to indicate the increasing tin content.  

 

 



42 

Table 8: Total nominal thicknesses of ZnS, Sn and Cu and corresponding metal ratios in 
#4-type precursors, with increasing Sn content ( labelled as #4(-), #4(0), #4(+)).  

Composition Type ZnS (nm) Sn(nm) Cu(nm) [Cu]:[Zn]:[Sn] 

#4(-) 660 268 240 2 : 1.48 : 1.06 

#4(0) 660 300 240 2 : 1.48 : 1.18 

#4(+) 660 332 240 2 : 1.48 : 1.31 

 

 

3.2.3 Conversion of precursors into CZTS by sulphurization 

treatment in tubular furnace 

Stacked precursors were converted into CZTS thin films by a heat treatment in 

sulphur atmosphere. Sulphurization treatment is performed at 550°C in a tubular 

furnace fluxed with nitrogen, using a small not-sealed glass sulphurization chamber 

(with volume of about 50 cm3) where precursors are placed together with a 

stoichiometric excess of sulphur powder (180 mg). Temperature (controlled by a 

thermocouple, labelled as tc in Figure 9) is raised with a heating ramp of 20°C/min 

from room temperature to 550°C and maintained at this temperature for 1 hour, as 

shown by the temperature profile in Figure 10. The heaters are then turned off and 

samples naturally cool down to room temperature under nitrogen flux. A scheme of 

the sulphurization system is depicted in Figure 9. 

 

 

 

Figure 9: Scheme of tubular furnace and sulphurization chamber used for precursors 
conversion into CZTS thin films. 

Experiments performed without using the closed glass reaction chamber, i.e. putting 

both precursors and sulphur directly into the N2 flux (ñopen-volumeò), were found to 

give highly conductive samples, with a high optical absorption in the infrared region. 

These properties are typical of Cu-rich CZTS films containing copper sulphides 

spurious phases (CuxSy or Cu2SnS3) and suggest a non-controlled stoichiometry, 
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likely due to spurious phase evaporation. Losses of Zn and Sn during the heat 

treatment are a widely reported problem in the literature [69, 163, 118] and may 

explain the results obtained by using sulphurization treatments in ñopen-volumeò 

condition.  

The use of small closed reaction chamber was found to prevent these losses, 

allowing a good control of sample stoichiometry, with better results in terms of 

reproducibility. Closed-volume sulphurization treatment was therefore chosen as the 

standard process in this work to convert precursors into CZTS films.  
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Figure 10: Temperature profile used for sulphurization treatment in tubular furnace. 

 

3.3 Precursor structure 

 

Precursors used in this work are multilayer structures made of ZnS, Cu and Sn. The 

choice of ZnS instead of metallic zinc was firstly forced by the high vapour pressure 

of the pure element, which makes it very difficult to be handled in high vacuum 

system. Secondly, the use of ZnS may have the advantage that a certain amount of 

sulphur is already present the staring stack and this may help the formation reaction 

of CZTS film during the sulphurization treatment. Moreover, the volume increase of 

material during precursor transformation into kesterite phase is smaller when part of 

the sulphur is incorporated into the starting stack. It was reported [69] that this fact 

could reduce possible stress effects resulting from film expansion, with better results 

in terms of film adhesion properties.   

ZnS was deposited as the first layer of the stack. Tin and copper were then 

sequentially evaporated in two adjacent layers. This allows enhancing the metal 
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interdiffusion into the starting stack, as Cu and Sn, at 150°C, can easily react to form 

CuxSny alloys.  

XRD spectrum of a typical ZnS/Sn/Cu stack, reported in Figure 11, confirms the 

formation of Cu-Sn compounds, detected as Cu6Sn5 and Cu3Sn, during precursor 

deposition.  
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Figure 11: XRD spectrum (measured in ɘ-2ɘ configuration) of a typical precursor made 
by multiple repetition of the stack ZnS/Sn/Cu.  

 

Some preliminary tests were performed by changing the order and the repetition of 

the different layers into the starting stacks, to improve the morphology and the 

chemical homogeneity of the final CZTS films. As also reported in the literature, the 

morphology of ZnS/Cu/Sn precursors was found to be improved respect to 

ZnS/Sn/Cu stack, obtained by simply changing the order of Cu and Sn into the 

starting stack. However, no significant morphological variation was revealed in the 

final materials (upon sulphurization). The ZnS/Sn/Cu stack order was finally 

preferred to prevent possible Sn losses [163, 118] and to avoid the formation of 

possible voids due to Cu migration to top-surface during the sulphurization 

treatment, as a result of the high Cu mobility respect to the other metals [35].  

 

Multi-period structures are desirable to improve the metal mixing in the starting 

precursors [69]. The first experiments were therefore performed using precursors 

with the structure SLG/ZnS/Sn/Cu/ZnS/Sn/Cu, that is referred to as B-type structure. 

However, investigation by Secondary Ions Mass Spectroscopy (SIMS) on CZTS films 

produced from these stacks revealed a very poor homogeneity of the final materials. 
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The Zn-depth profile measured on a typical Zn-rich CZTS sample obtained from B-

type precursors is reported in Figure 12. The large excess of Zn detected at the 

bottom of the film suggests a residual un-reacted ZnS phase at the glass interface, 

also visible in the SEM cross section shown in the inset of the same figure.  
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Figure 12: Zn depth profiles measured by SIMS in two CZTS samples grown from B-type 
and T-type precursors with the same nominal (Zn-rich) composition. The corresponding 
cross sections are reported in the inset. A residual un-reacted ZnS layer can be detected 
at the bottom of CZTS film obtained from the B-type stack.  

In order to improve the film homogeneity, precursors were produced according to a 

new structure, that we named T-type, in which the first ZnS layer is only 100nm thick 

and the remaining ZnS amount is distributed in other two layers: 

ZnS(100nm)/Sn/Cu/ZnS/Sn/Cu/ZnS (see Table 9). A scheme of the layer distribution 

into the B- and T-type stacks is reported in Figure 13.  

 

Table 9: Distribution of ZnS, Sn and Cu layers in stacked precursors with different 
structures, named as B- and T-type. 

Precursor Type Structure 

B-type Substrate/ZnS/Sn/Cu/ZnS/Sn/Cu 

T-type Substrate/ZnS(100nm)/Sn/Cu/ZnS/Sn/Cu/ZnS 

 

un-reacted ZnS 
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Figure 13: Distribution of ZnS, Sn and Cu layer into B-type (left) and T-type (right) stacks.  

The Zn depth profiles measured by SIMS in two CZTS films obtained from a B-type 

and T-type precursors with the same nominal (Zn-rich) composition are compared in 

Figure 12. The Zn excess detected at the bottom of CZTS film obtained from the T-

type precursor is lower compared to the sample grown from B-type stack, thus 

revealing a better metal mixing in samples obtained from T-type precursors.  

After these analyses, CZTS samples were grown using T-type structures and the 

work presented here refers to materials produced after this optimization of precursor.  

 

Concerning the sample inhomogeneity discussed before, it has to be pointed out that 

the ZnS segregation is due to the intentional Zn-rich composition of the starting 

precursors.  The depth profiles shown in Figure 14 show that the Zn-enrichment can 

be controlled (and reduced) by lowering the ZnS amount in the starting stack.  
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Figure 14: SIMS depth profiles measured in CZTS thin films, obtained from T-type 
precursors with decreasing Zn content (composition type #1, #2, #3 of Table 7).   

 

However, despite the sample inhomogeneity, CZTS films with higher zinc content 

showed better performances as absorber layer. Therefore, as discussed in 

paragraph 3.2.2, part of the investigation on our materials were intentionally 

performed using Zn-rich sample (see Table 2).  
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3.4 Stoichiometry effect on CZTS optical properties and 

microstructure 

 

To investigate the effect of different stoichiometries on CZTS basic physical 

properties, two series of samples were prepared by varying the composition of the 

starting precursors.  A first set of samples (A-series) was prepared keeping fixed the 

total amount of copper and zinc ([Cu]:[Zn] = 2:1.48), while the total amount of 

evaporated tin was varied from [Cu]:[Sn] = 2:1.06 to [Cu]:[Sn] = 2:1.31 (see Table 

10). A second set of samples (B-series) was instead prepared by changing the 

nominal zinc content from [Cu]:[Zn] = 2:1 to [Cu]:[Zn] = 2:1.48 (see Table 11), while 

keeping fixed the total amount of both copper and tin ([Cu]:[Sn] = 2:1.18). All the 

CZTS samples were prepared using precursors with T-type structure, by varying the 

total amount of the evaporated species (ZnS, Sn and Cu) as reported in Table 7 and 

Table 2.   

 

Table 10: Nominal metal proportions in the precursors of A-series samples and CZTS 
composition measured by EDX (normalized to total metal amount equal to 4). Values of 

E04 (energy at which =h104cm-1) and CZTS film thickness, d (with a standard deviation of 

about 70 nm), are also reported.  

A sample 

series 

Precursors 

[Cu]:[Zn]:[Sn] 

CZTS 

[Cu]:[Zn]:[Sn]:[S] 

E04 

(eV) 

d 

(nm) 

K241a 2 : 1.48 : 1.06 1.59:1.57:0.84:4 1.48 1580 

K252a2 2 : 1.48 : 1.06 1.63:1.47:0.90:4 1.49 1650 

K253a 2 : 1.48 : 1.06 1.63:1.47:0.90:4 1.48 1610 

K258a2 2 : 1.48 : 1.06 1.61:1.51:0.88:4 1.48 1590 

K256a 2 : 1.48 : 1.18 1.74:1.26:0.99:4 1.63 1675 

K255a2 2 : 1.48 : 1.18 1.76:1.24:1.00:4 1.60 1660 

K250a2 2 : 1.48 : 1.18 1.71:1.31:0.98:4 1.63 1680 

K250a 2 : 1.48 : 1.18 1.73:1.27:1.00:4 1.63 1670 

K251a 2 : 1.48 : 1.31 1.79:1.18:1.03:4 1.63 1770 

K251a2 2 : 1.48 : 1.31 1.75:1.21:1.03:4 1.62 1795 
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Table 11: Nominal metal proportions in the precursors of the B-series samples, with 
different zinc content. Values of E04 (energy at which ŭ=104cm-1) and CZTS film 
thickness, d (with a standard deviation of about 70 nm), are also reported. 

B sample 

series 

Precursors 

[Cu]:[Zn]:[Sn] 

E04 

(eV) 

d 

(nm) 

K239a 2 : 1.00 : 1.18 1.616 1400 

K237a 2 : 1.12 : 1.18 1.605 1450 

K237a2 2 : 1.12 : 1.18 1.605 1450 

K235a 2 : 1.26 : 1.18 1.610 1550 

K235a2 2 : 1.26 : 1.18 1.607 1560 

K234a 2 : 1.48 : 1.18 1.608 1650 

K234a2 2 : 1.48 : 1.18 1.613 1650 

 

3.4.1 Samples characterization techniques 

Chemical analysis of CZTS films obtained after the precursor sulphurization was 

performed using Energy Dispersive X-Ray spectroscopy (EDX) and X-Ray 

Photoelectron Spectroscopy (XPS), used to evaluate the element distribution along 

the film thickness. XPS data were acquired in an ultra-high vacuum system equipped 

with a VG Al KŬ monochromatized X-ray source and a CLAM2 hemispherical 

analyser. The depth profiling was performed using a mild sputtering with 1 keV Ar ion 

energy [124]. Element concentrations were calculated from the area of the 

background-subtracted core level peaks, taking into account three different 

corrections: the CLAM2 analyzer transmission function [121], the Scofield cross-

section [19] [129] (corrected for the angular asymmetry [119]) and the electron mean 

free path [135]. 

 

Microstructural characterization was performed using both micro-Raman and XRD 

diffraction measurements. Raman spectra were acquired in back scattering 

configuration, using a custom system based on a 0.75 m Acton single 

monochromator (Princeton Instruments) with a 1200 grooves/mm grating and an 

objective 50(Olympus). A Nd:vanadate laser (Verdi, Coherent) with a wavelength of 

532 nm was used as excitation source.  

XRD data were collected by using both Cu-Kh  (with a high-resolution Rigaku PMH-

VH diffractometer in Bragg-Brentano configuration) and Synchrotron Radiation 

measurements (SRXRD), performed at the MCX beamline at the Italian Synchrotron 

ELETTRA-Trieste with a 15 keV radiation energy. In the latter, flat-plate configuration 

was used, after a careful optimization of the optical set-up to produce a narrow and 

symmetrical instrumental line profile, thus extending the limits of line profile analysis 
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with respect to the conventional laboratory measurements. XRD profiles were 

analyzed using both Rietveld [13] and Whole Powder Pattern Modelling (WPPM) [80] 

approach, in order to extract as much information as possible from the performed 

measurements. The former is used in order to estimate the amount of spurious 

phases (mainly detected as SnxSy) as well as for the estimation of the Sn-site 

occupancy in the CZTS phase. This parameter is very useful because it is only 

related to the CZTS phase microstructure and it is not affected by possible spurious 

phases or sample inhomogeneity, which, instead, can affect the EDX chemical 

results (see paragraph 3.4.2). Furthermore, WPPM provides a detailed 

understanding of the sample microstructure through a data analysis entirely based 

on physical models of the present phases (instead of using, arbitrary, a-priori chosen 

profile function as in Rietveld analysis), thus allowing the determination of 

microstructural parameters such as the crystalline domain size distribution. 

 

Optical properties were investigated by transmittance measurements in the 250ï

2500 nm wavelength range, using a spectrophotometer Perkin Elmer Lambda9, 

equipped with an integrating sphere. Photothermal Deflection Spectroscopy (PDS) 

was used to obtain more accurate absorption data in the subgap region. The 

measurements were performed using a TESTCEL automated spectrometer 

equipped with a Xe and an Ha lamp, thus covering a wide wavelength range (250ï

1770 nm). CCl4 was used as deflecting medium.  

 

 

3.4.2 Chemical characterization 

The results of the EDX measurements performed on the samples of the A-series are 

reported in Table 10. The measured tin content shows a fairly good linear correlation 

with the nominal tin amount in the starting precursor. This correlation is shown in 

Figure 15, where the deviation of the tin stoichiometric coefficient (defined as xSn= 

4[Sn]/([Cu]+[Sn]+[Zn])) evaluated by EDX in the CZTS films is plotted against the 

same nominal quantity expected in the precursors.  A similar dependence was found 

for the sample thicknesses, which vary from about 1400 to 1800 nm according to the 

Sn and ZnS thickness used for the corresponding precursors, thus demonstrating a 

good control of the growth process. 

 

Figure 16 depicts that, as the tin content increases, the zinc concentration exhibits 

an exaggerated decrease and the copper concentration even shows an anomalous 

increase.  

This behaviour is not representative of the real compositional changes, but can be 

explained looking at the results of XPS analysis showed in Figure 17. Depth profiles 

reveal the presence of a Zn-rich layer at the bottom of the films, likely due to ZnS 
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segregations at the CZTS/substrate interface, which probably are also related to the 

small-grain-size interfacial region visible in the sample SEM cross section (see 

Figure 18).  
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Figure 15: Correlation between the nominal tin stoichiometric coefficient (xSn) in the 
precursors and the same quantity measured by EDX in the A-series samples. The 
scattering of the data is related to the reproducibility of the evaporation process and 
to experimental errors of the microanalysis. 
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Figure 16: Results of EDX measurements on the A-series CZTS samples.  

 



51 

This ZnS segregation can affect the EDX results. Indeed, in an EDX measurement, 

the excitation rate induced by the electron beam steeply decays below the sample 

surface; therefore the measured Zn concentration decreases as the film thickness 

increases, thus resulting in a fictitious increase of the other elements. 
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Figure 17: Element depth profiles obtained from XPS measurements. 

 

 

Figure 18: SEM micrograph of a CZTS film grown from stacked evaporated precursor. 
The interfacial region with small-grain-size is likely related to a ZnS phase-segregation. 

 

This explanation is also confirmed by EDX Monte Carlo simulations, performed with 

the software Casino [28]. For the simulations, a CZTS/ZnS/glass structure was 

considered and a stoichiometric concentration was assumed for the CZTS phase. 

The ZnS thickness was fixed at 500 nm, while the thickness of CZTS was varied 
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from 500 to 2500 nm. These parameters were chosen to amplify the effect of the 

inhomogeneity in our samples. The obtained trend of the cation concentrations is 

reported in Figure 19. The results of simulations show that, as expected, for 

sufficiently thick CZTS samples, the EDX measurements are not affected by the 

presence of the ZnS layer and provide the correct stoichiometric composition. On the 

contrary, as the CZTS thickness is reduced, the EDX absolute values are altered by 

the ZnS segregation and the metal concentrations show a fictitious variation, in 

agreement with the experimental data reported in Figure 16.  

However, as [Sn] and [Cu] are altered in a similar way, their ratio is a reliable 

quantity to express the stoichiometry variation in our samples. 
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Figure 19: Simulation of EDX compositional variation which would be obtained in 
samples with structure (stoichiometric-CZTS/ ZnS/glass) for different CZTS thicknesses. 
The ZnS film thickness used in the simulations is fixed at 500 nm. 

 

Detailed characterization of CZTS films by EDX was performed only on the A-series 

samples. Indeed, as shown in the next sections, the tin content is the most 

interesting parameter in terms of optical properties variability. On the contrary, the Zn 

content seems not to be a critical parameter and therefore B-series samples were 

qualitatively analyzed, taking into account only the nominal metal proportions in the 

starting precursors.  
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3.4.3 Control of CZTS phase stability by Raman spectroscopy 

and XRD measurements 

Structural characterization was performed on both A and B-series samples using 

Raman Spectroscopy and XRD measurements with Cu2K hradiation. 

In Figure 20 a typical Raman spectrum of a CZTS film (sample K255a as an 

example) is reported. With the 532 nm laser excitation source, only the first hundred 

nanometers can be explored (the penetration depth can be roughly estimated as 

1/(2h )). The measurements reveal a good quality of the surface region of the 

material, as no evident signals of other spurious phases (such as Cu2-xS, CuxSnySz 

and SnxSy) are detected. It is worth noting that, with the 532 nm excitation source, 

the ZnS phase cannot be easily detected with Raman Spectroscopy [41, 40] and 

even the XRD is not able to distinguish this phase from the CZTS one. However, 

because of the Zn-rich composition of the precursors, a ZnS phase segregation is 

expected and confirmed by XPS measurements reported before (Figure 17). This 

phase could be compatible with the small shoulder visible at about 350cm-1, as a 

Raman shift of 348 cm-1 is expected from ZnS [34]. 
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Figure 20: Raman spectrum of the sample K255a and reference peaks [4, 34]. 

Three typical XRD profiles measured on CZTS films with different Sn content (A 

samples) are reported in Figure 21. As the tin content increases, the corresponding 

XRD pattern shows peaks of SnxSy secondary phases.  

 

Although the strong preferred orientation of the tin sulphides phases gives quite 

intense reflections, the Quantitative Phase Analysis (QPA), performed with the 
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Rietveld approach [13], shows that the total amount of spurious phases is less than 

1% (except for the most Sn-rich sample, where it reaches 2.5%).  

XRD patterns of the B-series samples (not shown here) reveals a quite pure CZTS 

phase, with only traces of SnS2 (about 0.5% or less), most likely as a consequence 

of the slightly Sn-rich composition of the precursors (see Table 11). 

This result is in accordance with Raman spectra which confirmed CZTS as the main 

phase in the films, giving no evidence of other detectable spurious compounds [40]. 

Details of the fit procedure used to model the XRD profiles are described in 

paragraph 3.4.7, where Rietveld approach is used for a detailed study of 

microstructural properties of CZTS thin films with different tin content.   
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Figure 21: XRD spectra of three CZTS films with different Sn content. 

 

Optical properties 

 

3.4.4 Stoichiometry effect on the band gap energy 

The optical properties of the samples were investigated by spectrophotometric 

measurements. The transmittance spectra of B-series samples did not show any 

relevant difference with the increase of Zn concentration. On the contrary, the 

transmittance of the films obtained by changing the Sn content (A-series) shows a 

shift toward lower wavelengths as the Sn content increases. This behaviour is shown 

in Figure 22. Taking into account multiple reflections inside the film and neglecting, 
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as a first-order approximation, those inside the glass substrate, it is possible to 

calculate the absorption coefficient (‌) starting from the transmittance data, using 

the equation:  

 

Ὕ  
ρ Ὑ  ρ Ὑ ὼ

ρ  Ὑ Ὑ ὼ
 (1) 

 

where ὼ Ὡ , d is the thickness of the film and Ὑ  and Ὑ  are the reflectivity 

of the film/air and film/substrate interface respectively, calculated as: 

 

Ὑ
ὲ  ὲ
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 Ƞ  Ὑ
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assuming constant refractive indexes: n(SLG) = 1.5, n(air) = 1, n(CZTS) = 2.4. The 

value of the CZTS refractive index can be obtained by the Swanepoel approach 

[146], when interference fringes are clearly visible. The analysis provides a refractive 

index weakly dependent on ɚ in the subgap energy region, with an average value of 

2.4. Since in many cases the fringes are not visible, as a first approximation we used 

n=2.4 for all the samples.  
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Figure 22: Transmittance spectra of CZTS samples with different Sn content. 

The results are plotted in Figure 23a and Figure 23b (for the samples of A- and B-

series, respectively) as (Eh)2 versus E.  This is the typical way to represent (hE) for 

direct-band semiconductors, since the value of the energy gap should be obtained 

from a linear fit of these curves. However, Figure 23 clearly shows that in 

polycrystalline thin films, because of the combined effects of interference and sub-
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gap absorption, an energy region with a clear linear dependence cannot be 

identified. Therefore, the Eg value strongly depends on the region chosen for the fit. 

To avoid any possible subjectivity in the band-gap value determination we decided to 

use E04 (i.e. the photon energy at which =h104cm-1) as a more representative 

parameter than the value of Eg estimated by the graphical method.  
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Figure 23: (aE)2 versus E for different CZTS films with different Sn content (A series, 
panel a) and different Zn content (B series, panel b). In the panel a, some literature data 
are also reported for comparison. 
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The values of E04 obtained for the A and B series are listed in Table 10 and Table 

11, respectively. In samples produced by changing the Sn amount in the starting 

precursor (A series), the energy gap varies of about 150 meV, from 1.48 to 1.63 eV, 

in accordance with the literature. In Figure 24, this variation is expressed as a 

function of the [Sn]/[Cu] ratio resulting from EDX measurements, since this is the 

experimental quantity less affected by ZnS segregation effects (see paragraph 

3.4.2). The E04 shows a clear dependence on the [Sn]/[Cu] ratio, increasing steeply 

from the low to the high Eg value in response to a variation of few percent of 

[Sn]/[Cu]. Conversely, in the samples of B-series, an almost constant value of about 

1.61 eV is found. This result can be reasonably explained by looking at the [Sn]/[Cu] 

ratio used for the precursors, which corresponds to the high E04 region in Figure 24. 
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Figure 24: Variation of the E04 of CZTS films with increasing Sn content. 

 

3.4.5 Defect induced bandgap shrinkage? 

Different hypotheses can be put forward to explain the variability of the optical 

properties of CZTS thin films presented in this chapter. 

- Hypothesis of polymorphic transformation 

A first speculation advanced in the literature [131] is that the Eg variation could be 

attributed to stannite/kesterite polymorphic transformations. Indeed, theoretical 

works [114] predict a bandgap difference of about 140 meV between these two 
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polymorphs (1.56 and 1.42 eV for kesterite and stannite respectively), in fairly good 

agreement with the Eg variability observed in these experiments. So far this 

hypothesis could not be proved, as with the most common experimental techniques 

(such as XRD) it is quite difficult to distinguish the different polymorphic structures.  

However, it is not clear how such a polymorphic transformation could be connected 

to the tin content variation. Moreover, we want to point out that, despite the difficulty 

to distinguish between kesterite polymorphic phases, the analisys of XRD peaks 

relative intensities performed on our samples gave no evidence for the formation of 

the stannite phase.  

 

- Hypothesis of solid solutions 

Another mechanism often proposed in the literature to explain the Eg variation is the 

existence of solid solutions between CZTS and secondary phases. In the case of 

CZTSe, CZTSe/ZnSe mixing was proposed as a possible explanation for the Eg 

increase [3]. However, the experiments performed in this work on the B-series 

samples show that the optical properties variability observed in CZTS cannot be 

imputed to the presence of a ZnS phase.  

On the contrary, tin-rich spurious phases could be taken into account. In 

accordance with the XRD results, a first candidate could be SnS2, which has an 

energy gap of about 2.2 eV. However, the formation of a CZTS/SnS2 solid solution 

has to be excluded because of their completely different lattice structures. A solid 

solution with SnS (which has an Eg of 1.3 eV) would give rise to a Eg decrease, 

contrary to the experiments. Another possible Sn-rich spurious phase is Cu2ZnSn3S8  

[109]. It was proposed [131] that it could form a solid solution with CZTS changing 

the Eg of the material. Unfortunately, the current lack of both optical and structural 

information on Cu2ZnSn3S8  does not allow proving this hypothesis. Finally, we want 

to point out that any mechanism based on the formation of solid solutions would not 

be able to explain the step-like behavior of the Eg, since a more gradual energy gap 

variation would be expected. 

- Hypothesis of defect-induced band gap shrinkage 

A mechanism, which instead could easily account for the step-like behavior of the Eg, 

is a defect-induced band gap shrinkage. Indeed, a reduced tin content could 

introduce a large density of acceptor defects (such as VSn, CuSn and ZnSn anti-sites), 

thus changing the absorption edge of the material. In this case, the gap of 

stoichiometric kesterite should be about 1.62 eV and it would be apparently reduced 

by the formation of an acceptor band near the valence band. The amount of the Eg 

reduction would be therefore directly related to the acceptor band energy position.  
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Ab-initio calculations [17] suggest that VSn, CuSn and ZnSn introduce shallow acceptor 

levels (at less than 0.2 eV from the VBM) which could explain the change in the 

absorption edge of the material. In addition to simple point defects, other defect 

complexes could be involved in the band gap shrinkage. Theoretical works [18] 

predict a band gap decrease due to the complex 2CuZn + SnZn, while the similar CuZn 

+ SnZn complex introduces a donor level only. The variation of the [Cu]/[Sn] ratio 

explored in this work could influence the relative concentration of these two 

complexes, thus changing the energy gap. This theoretical model nicely fits with both 

the Eg shrinkage and the less evident increase of defect density at low Zn 

concentration (see Figure 25b, later on).  

The experiments performed in this work do not allow identifying the nature of the 

involved defects. Nonetheless, the same calculations [18, 17]show that the formation 

energy of these defects depend on the material stoichiometry, but for Zn-rich 

material it is less than 0.6 eV, except for VSn which has an higher value (1.8 eV). 

According to these calculations, the involvement of this last defect is therefore less 

likely. 

 

3.4.6 Stoichiometry effect on sub-gap optical absorption: 

investigation on intrinsic defect density 

To investigate a possible correlation between bandgap energy and intrinsic defect 

density, Photothermal Deflection Spectroscopy measurements have been performed 

to obtain further information on the absorption coefficient at energies below Eg. 

Actually the data obtained using this technique (ὃὖὈὛ) are proportional to the 

sample absorptance (ὃ) and must be rescaled to the absolute absorptance obtained 

from the spectrophotometric data. Within the same assumption used for the Eq.(1), 

the absolute absorptance ὃ can be calculated using the equation: 

 

ὃ ρ Ὑ   ρ Ὑ Ὑ ὼ ρ  Ὑ  , 

 

where ὼ Ὡ  and Ὑ  and Ὑ  are the reflectivity of the film/glass and film/liquid 

(CCl4 in our experiment) interfaces, respectively (with n(CCl4) = 1.46). ὃὖὈὛ is then 

rescaled to match ὃ in the energy region around Eg and ‌Ὁ is calculated from: 

 

Ὡ
Ͻ

Ͻ
. 

 

The resulting absorption coefficients are reported in Figure 25. A clear increase of 

the sub-gap absorption coefficient is observed in the A-series samples, with a 
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variation up to two orders of magnitude (from about 10 to 103 cm-1) as the tin content 

is decreased. This result suggests a higher defect density in CZTS film with lower tin 

content, in accordance with the defect-based mechanism proposed before to explain 

the Eg variability. On the contrary, the increase in the Zn concentration causes only 

a slight reduction of ‌ in the same energy region. 
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Figure 25: Absorption coefficient obtained from PDS measurements on CZTS samples 
with increasing content of tin (top) and zinc (bottom). 
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To exclude the possibility that the general trends shown by the PDS measurements 

are influenced by light scattering effects (evidenced by the absence of interference 

fringes), the scattering properties of the analyzed films have been investigated. We 

measured both the total (T) and diffuse (Tdiff) transmittance of the films. 

The Haze ratio, defined as Tdiff/T, shows only small variations, completely 

uncorrelated with the value of the absorption coefficient. As an example, we show in 

Figure 26 the Haze ratio of two samples with high and low values of the sub-gap 

absorption. The sample with higher ‌ shows a lower Haze ratio, thus confirming that 

the trend found from PDS is a real effect due to defect absorption. Anyway, because 

of the scattering effects, the absolute value of the absorption coefficient could be 

slightly overestimated. 

Finally, the absorption spectra show an exponential tail (Urbachôs tail) just below the 

energy gap. Its characteristic energy is about 70 meV in samples with large Eg and 

about 80 meV in sample with lower Eg. 
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Figure 26: Haze ratios of two CZTS films with different Sn content, calculated from 
the total (T) and diffused (Tdiff) transmittance spectra, also shown in the graph. 
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3.4.6.1 Photoluminescence in sample with different bandgap energy 

 

Photoluminescence measurements have been performed on CZTS samples grown 

with different tin content and showing different band-gap energy. Two typical spectra 

are reported in Figure 27 and refer to two CZTS films with E04 values of 1.48 and 

1.61 eV. A single large peak at about 1.3 ï 1.4 eV arises from all the samples, in 

accordance with the typical spectra of policrystalline CZTS thin films [60]. 

However, the peak intensity of small-E04 samples was found to be lower of about a 

factor 1000 than that of samples with higher-E04. This severe intensity reduction is 

in accordance with the hypothesis of an increased defect density in samples with 

small Eg, as these additional defects, induced by the tin content reduction, can 

enhance the probability for non-radiative recombination mechanisms of 

photogenerated electron-hole pairs, thus reducing the PL signal. 
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Figure 27: PL spectra of two CZTS thin films with different tin content and different 
energy gap: E04 = 1.48 eV (blue line) and E04=1.61 eV (red line).  
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Microstructrural properties 

 

3.4.7 Influence of the tin content on CZTS microstructural 

properties 

The results shown in previous section showed that the tin content strongly influences 

the optical absorption properties of CZTS thin films. For this reason, detailed 

microstructural investigations were made on samples prepared by varying the tin 

amount in the starting precursors. For this study, we used the A-series samples 

analyzed in the previous sections and additional CZTS films prepared with other Sn 

amounts, using the same growth process. A list of samples used in this work is 

reported in Table 12, together with the results of EDX and the energy gap values 

(expressed as E04).  

 

Table 12: Sampleõs composition measured by EDX (normalized to total metal amount 
equal to 4). Values of E04 are also reported. 

Sample 

 

CZTS 

[Cu]:[Zn]:[Sn]:[S] 

E04 

(eV) 

K265a 1.76 : 1.33 : 0.90 : 4 1.47 

K264a2 1.76 : 1.29 : 0.94 : 4 1.47 

K253a 1.63 : 1.47 : 0.90 : 4 1.48 

K258a2 1.61 : 1.51 : 0.88 : 4 1.48 

K241a 1.59 : 1.57 : 0.84 : 4 1.48 

K261a 1.73 : 1.33 : 0.94 : 4 1.48 

K252a2 1.63 : 1.47 : 0.90 : 4 1.49 

K241a3 1.62 : 1.52 : 0.86 : 4 1.49 

K255a2 1.76 : 1.24 : 1.00 : 4 1.60 

K275a2 1.79 : 1.23 : 0.97 : 4 1.62 

K256a2 1.77 : 1.24 : 0.99 : 4 1.62 

K251a2 1.75 : 1.21 : 1.03 : 4 1.62 

K256a 1.75 : 1.26 : 0.99 : 4 1.63 

K250a 1.73 : 1.27 : 1.00 : 4 1.63 

K250a2 1.71 : 1.31 : 0.98 : 4 1.63 

K251a 1.79 : 1.18 : 1.03 : 4 1.63 

K254a 1.77 : 1.29 : 0.94 : 4 1.64 
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3.4.8 Sn-site occupancy from Rietveld analysis 

Rietveld analysis was used for the identification and/or quantification of spurious 

phases as well as for structural characterization. It is well known that this approach is 

based on the modeling of XRD patterns taking into account the structure factor of 

each present phase for the determination of the relative intensities of single 

reflections while peak shape depends on the instrumental contribution and on the 

chosen profile function [16]. To have a better understanding of the real influence of 

Sn-site occupancy variations on the XRD patterns, it is useful to examine the 

structure factor, as the measured intensity for a given reflection is proportional to its 

square modulus. The general expression for the structure factor can be written as: 

 

Ὂ ὃ Ὥ ὄ Ὢȟ Ὢ Ὥ Ὢ  ὕ  

 

where ὔ is the number of sites in the unit cell and ὔ  is the number of atoms 

residing in the s-site (therefore allowing the modeling of cation disorder); ὃ and ὄ 

are the cosine and sine summations for a given s-site (both depending on the Miller 

indexes ὬὯὰ), while Ὢȟ is the atomic scattering factor and Ὢ and Ὢ  the 

anomalous dispersion coefficients for the atom ὥ. The term ὕ  corresponds to the 

occupancy of the ὥ specie in the given s-site. 

Using CuKh radiation, the atomic scattering factors of Cu and Zn are similar while 

Sn has significantly higher values. XRD peak intensities are therefore sensitive to 

variations of Sn content and distribution and the effect is different for different ὬὯὰ 

reflections, as a result of compensations in the phase term of the structure factor. 

Figure 28 shows the intensity variation of several ὬὯὰ reflections normalized to their 

maximum intensity upon ὕ   variation (where ςὦ labels the crystallographic site of 

tin atoms in kesterite structure). This effect can be easily understood looking at 

Figure 29, which shows different crystallographic planes with high, intermediate and 

low tin contribution, depending on the number of tin atoms laying on the planes. 

Nevertheless, it is worth noting that even if large differences on the relative 

intensities are obtained upon tin content variation (up to 80% for some reflections 

moving from site occupancy of 0.8 to full occupancy), the actual effect on the 

measured XRD pattern is reduced. The main problem is that actually the most 

influenced reflections (i.e 002 and 101) are weak peaks (less than 6% of relative 

intensity); while the most intense peaks remain almost unchanged with a strong 

variation of the tin content. Therefore, high-quality measurements, as well as careful 

analysis are mandatory in order to obtain a good estimation of the Sn-site 

occupancy. 
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Figure 28: Variation of the relative intensities for several CZTS reflection in terms of the 
Sn-site occupancy. 

 

 

Figure 29: Atoms contained in different hkl planes: (a) (002) having large Sn 
contribution; (b) (020) with an intermediate concentration and (c) (024) plane having 
almost no Sn contribution. 

In the present work, XRD patterns were acquired with a high resolution 

diffractometer, carefully aligned and calibrated. Instrumental profile was properly 

modeled with a standard NIST LaB6 sample, while several factors that directly 

influences measured intensities were taken into account in the fitting procedure 

(such as roughness, porosity [115] and thin film thickness correction). Moreover, 

according to the results of XPS depth profile analysis, a ZnS phase was also 

included as a segregated layer at the CZTS-glass interface. The X-ray absorption 

correction was therefore modified having considered a CZTS/ZnS/glass multilayer 

structure. Temperature factors were fixed to literature values [127]. As stated before, 

several structural parameters are obtained from the Rietveld analysis. The kesterite 








































































































































































































