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ABSTRACT

CZTS non-stoichiometric thin films [GuZn;+,SnS)] for solar cells applications have
been successfully deposited on glass substrateg tvgo different types of synthesis and
two effective deposition methods: dip-coating iateol or drop-wise ink spin-coating. For
dip-coating, a sol was prepared by mixing a sotutad metal chlorides dissolved in
methanol together with thiourea dissolved in ethgleglycol; tin chloride (either
pentahydrate or anhydrous) was used as a tin solineenk for spin-coating was prepared
by hot-injection, starting from metal (copper, &nd zinc) chlorides like in the previous
synthesis: the salts, dissolved in oleylamine, werated at 130 °C, when a solution of
pure sulfur in oleylamine was injected. The CZT# tlims samples from both methods
have been recrystallized by two thermal treatmeetgpectively with and without an extra
sulfur powder at 550 °C in Ar atmosphere. Treatntamration was shown to affect both
structure and microstructure of CZTS coatings. Mueg, the optical properties of the
final absorbing layers were also deeply affectedtiy type and length of thermal
treatments. Spurious phases like §n&nS and ZnS, were produced in some cases, and

identified as a possible culprit for poor CZTS phatltaic device efficiency.

Based on the extensive evidence collected durisgésearch work, the present Thesis
provides a rationale for an effective preparatidrkesterite thin films for photovoltaic

applications.
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INTRODUCTION

Chapter 1

INTRODUCTION

1.1 Colloidal synthesis

Between 1853 and 1857 M. Faraday observed thechitkiidal sols particles in Au
solution [1]. Then in 1861 Graham further develoffelcolloidal science, but at that
time the study of colloids did not seem as impdrfanthe scientific community as
in the following century. Only in the 20th centwsyientists started considering the
importance of colloidal systems for preparing cacamaterials in mild conditions,

as they allow a fine control of the size of padgcktarting from inorganic salts [1].

The electrostatic theory developed by B. Derjagatial. (1930-1950, DVLO theory),
which combined the effect of Van der Waals and tmudyer forces, is the first
scientific result in the science of stable collbislaspensions [1]. Low-cost synthesis
of organic-inorganic hybrids materials was not maawoncern until the early ‘80s of
the past century [1]; since then the colloidal bgsts (called also sol-gel process and
schematically shown in Figure 1) from earth-abundalements is the most
widespread method to obtain a good control overastouctural parameters, such as
particle size and shape, and a gram-scale producBgnthesis can be performed
either at room temperature, leading to sols [2Jatonigh temperatures (e.g., by hot-
injection [3]), leading to nanocrystals. In botlsea nucleation and growth processes
form a stable dispersion of colloidal or nanometrigstals in a solvent, which can
later evaporate. Among the many options and casdiest the production of
semiconducting nanocrystals for photovoltaic aglons has become of great
interest to reduce costs and select better penfgrmmaterials. Therefore, the main



INTRODUCTION

goal of the present work is to outline and imprdfie synthesis via sol-gel of
quaternary compound @nSnS (CZTS).

PRECURSORS

ey
ﬁ? \ 1 \

*n"n'ﬁ"n-n '-: n-

ﬁb\ﬂ}

f‘}l""}\ I' “l‘-‘f\
\: RGP,

e

JHE :3§{i\:

E'ﬂH.mdal pa.mrIe:
+ Liguid
GEL POINT

DRYING

Fibers Coatings  Monoliths

pores
SINTERING

CERAMIC

Figure 1. Simplified chart of sol-gel processes (reproduitech [1]).

1.2 Sol-gel and hot-injection methods

Nowadays, the demand of fine nanocrystals (NCshdeeasing, along with better
synthesis methods, which are economically viabld auitable for an industrial
scale-up. A rich literature describes the collo@aproach as a possible alternative to
other synthetic methods, such as ceramic methqeldgtrodeposition [4] and spray
pyrolysis [5], highlighting the economic benefit§ this choice. The study of
electrokinetics, corrosion, optical and catalytiogerties of this colloidal matter has
a wide scientific interest [1], [3]. In the preseviirk the production of solid particles

of kesterite by nucleation and growth in a collbiiguid medium (ink) is the main
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goal, for obtaining definite shape and a narrow oaorodal size distribution [2, 3].
This synthesis route uses organic solvents (elgylamine, OLA), also acting as
surfactants, and in some cases involves high teatyper (hot-injection synthesis
[3]). Chapters 2 and 4, respectively, describe mhemd our results regarding the
preparation of nanoparticles by the hot-injectioetmod. The particles can be both
precipitated from the liquid suspension, [1] ort ldispersed in the liquid medium

forming a colloidal suspension (without any heatikigown as “sol” [1, 2].

Sol process is correlated with the sol-gel mettsidge after producing the sol a
consecutive gel can be formed in one-step. Thegaoleould be described as:
“Formation of an oxide network through polyconddimsareactions of a molecular
precursor in a liquid” [6]. The final particles cdre amorphous or crystalline.
Generally, the sol or colloidal suspensions ofipkag are ruled by the van der Waals
forces or hydrogen bonds. The basis of sol-gelr®gis is “to dissolve a precursor
compound in a liquid in order to bring it back asadid in a controlled manner” [6,
7]. Sol-gel synthesis allows us to produce multhponent systems with a controlled
stoichiometry by mixing sols of different compouri@§ preventing problems of co-
precipitation; and realizing an intimate mixing magents at atomic level, thus

producing small particles.

As it can be noticed, hot-injection and sol-gel Inogls are useful, viable tools for
reducing time and temperature during the synthekiparticles, controlling their

crystallinity and size.

1.3 Semiconducting materials for photovoltaic applicatbns

The electrical properties of a semiconductor makeran be modified either by
controlled addition of impurities or by the applica of electrical fields or light, and
thus one can use these properties to develop d baoge of functional devices, e.g.,
for signal amplification, switching, and energy weersion [8]. The one-way
conductivity of semiconducting junctions providdse tbasic diode mechanism,
which coupled with the sensitivity to light and head variable resistivity is the

main property exploited to build photovoltaic ce[, 9].
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A list of most common elements and compounds wisieful semiconducting

properties is shown below:

» Silicon and germanium are the most commerciallgvaht elements: they
both have four valence electrons and form crystiickes in which substituted

atoms (dopants) can change the electrical progertie

* Many binary compounds, such as gallium arsenidé§gaAlAs, GaP, GaN,
InP, InAs InSb, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTeSiG, to cite the most

common ones.

« Certain ternary and quaternary compounds, includirigles, sulfides and
alloys such as FeT¥)CwZnSng and CuGeTe.

e Organic semiconductors made up of organometalllopmunds like PPV:
poly (p-phenylene vinylene), PFO: polyfluorene, H3Apoly (3-
alkylthiophene) and CuPc: Cu-phthalocyanine.

The most common semiconducting materials are dliysta solids, but

amorphous and liquid semiconductors are also &e@l.[

1.4 Quaternary semiconducting materials based on CZTS

Much of the current research efforts are directadhtd the fabrications of thin film
solar devices based on direct-gap absorbers belgngia large family of quaternary
metal sulfides with the general formulgaBCX,. Specifically, CyZnSng (CZTS)
can be considered in close relationship with thevipusly developed binary and
ternary compounds (see figure 2), [9]. A. Walshakt(2012) [9] indicated that
besides CZTS also @nSnSe and its alloys Ci&ZnSn(Se,S) are promising
candidates, related to the zinc-blende structune,the complexity associated with
the multi-component system introduces difficultiem material growth,
characterization, and application”, which desexwvéé¢ examined in depth [9]. First
of all, S. Schorr et al. [10] showed that the atamthe Cu/Zn (001) layer of basic
kesterite are disordered. According to A. Walsh att (2012), the random
displacement of atoms in Cu/Zn sub-lattice can GpZnNSnS into the stannite
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structure. A further point of interest regards $lyathesis of homogeneous or multi-
phase materials. In fact, within restricted stadchetric constraints, single phase
CZTS is obtained, otherwise ZnS, with Zn-rich pmsous, and CuSnSwith Zn-

poor ones, can be obtained. All these aspectstdffeanaterial’s performance in the
light-to-electricity conversion phenomena which anelerlie all photovoltaic devices

based on thin-films [9].

Element Group
[ Il ] I Wl

(20) )

1-v1
@ ﬁ CulnS,
Hll-wilg

® @ ©
-H-V-V,

Figure 2. Relationship between binary, ternary, and quatgrnsemiconductors to produce
CwZnSnS, starting from a 1I-VI parent compound [3].

CZTS, having a configuration 12-11-1IV-V4 (see Figt), gives suitable and tunable
bandgaps [9, 11]. The band gaps of configuratidkes I-l1I-VI2 and 12—1l1-IV-V4
are narrower than those of II-VI compound. Recentk& on Cu (In, Ga) Se
(CIGS) material showed that the substitutions ofd@eS, and Ga for In, allowed for
an optimization of the final band gap. [9], [12, 13, 15]. Analogously, A. Walsh et
al (2012) [9] described that CZTS-based compoulikis,Cw,ZnSnSe, CuFeSng
and CuZnGeSg have increased band gaps of 1.45 eV, [16, 17] @\K1[18] and
2.27 eV, [19], [9], respectively. Although alloyinthese CZTS compounds can
improve band gap, theirg¥ can still be low. Therefore H. Zhou et al. (20130]
reported that by “introducing more defects likeigiteés and vacancies species, some
of which may act as recombination centers likeedéht S/Se and/or Sn/Ge ratios” it

is possible to change the bandgap meanwhile inag#se output voltage [20].
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1.5 Chronology efficiency of CZTS by solar cells appliations

The photovoltaic applications of CZTS have incréaserecent years, in an attempt
to gradually substitute the analogous CIGS (and €ld®ince 1988 [21] several
scientific reports considered CZTS as an altereator CIGS for commercial solar
cell systems. CZTS has a similar structure to teoopyrite of CIGS, but the raw
materials of CZTS, based on earth-abundant elemardsfive times cheaper than
CIGS [21]. Moreover, unlike CIGS and CdTe devideZTS does not involve toxic

elements.

CZTS was first synthesized in 1966 [22], but omlyli988 was it demonstrated to
exhibit the photovoltaic effect [23]. Figure 3 showa diagram promoted by the
National Renewable Energy Laboratory (NREL) witle &thronology of efficiency
growth of several semiconducting cells. In paréecut is shown: 1) efficiency of
different cell types — single-crystal, thin film lgorystalline or amorphous; 2) the
types and number of junctions used (single- or iAutictions); and 3) some
emerging PV devices. In the diagram the evolutibeadar cell efficiency in CZTS
devices can be followed: from 2.3% in 1997 to 5.i2005. The last results were

obtained just through the optimization of the déms process [24].

In 2014, a bifacial device with CZTInS absorber enial and transparent conducting
back contact was reported to have 3.4% of effigrid2®]. In 2010, a solar energy
conversion efficiency of about 10% (red route igUfe 3) was achieved by a CZTS
device [25]. In August 2012 IBM announced a CZTHuscell capable of converting
11.1% of solar energy to electricity [26]. In Novieen 2013, the Japanese thin-film
solar company Solar Frontier announced that int jasearch with IBM and Tokyo
Ohka Kogyo (TOK), they have developed a world-rdc@ZTS solar cell with
12.6% energy conversion efficiency [27]. Howeveshould be noticed that all these
excellent efficiency values were obtained by ratvgoensive synthesis procedures.
In the present work the red route (Emerging PVhorganic cells - CZTSSe) will be
followed, using low-cost synthesis and techniqueslyzing how it is possible to
increase the present band gap 1.5 eV [24] by saorganic chemical modification

during the synthesis.
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Figure 3. Chronology of record cell efficiency according tbe National Renewable Energy
laboratory (NREL, USA, http://www.nrel.gov/ncpv/iges/efficiency_chart.jpg).

1.6 Objectives for this Research
The thesis work was organized according to the¥ahg ideas and guidelines:

= To produce high-quality CZTS thin films, e.g. withntrolled composition
and crystal structure in order to avoid phase sjoer, by low-cost methods,
suitable for the industrial scale-up.

= To optimize the growth process of the CZTS layeplesing the effect of
different post-deposition heat treatments, witkvihout sulfur.

= To coat and anneal CZTS thin layers on glass satbstrfor studying the
growth of defects and optical properties also imrelation with possible
formation of spurious secondary phases

The most fundamental point in this investigatiorswaexplore the routes to produce
high-quality CZTS phase, showing the effect of gmus secondary phases on the
microstructure and optical properties, to shedtligh the correlation with the

material composition.
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1.7 Structure of the thesis

A brief overview of the basic properties of CZTSpieesented in Chapter Il. This

thesis is then structured in three central expertalehapters:

Chapter | is an Introduction to the topic.

Chapter Il is a brief overview of the basic prostof CZTS.

Chapter Il focuses on CZTS thin films produced by water- and
sulfurization-free solution route. Afterwards a cigstion is presented of the
growth process, together with a characterizatiothefoptimized materials in
terms of chemical composition. A detailed invedima of the stoichiometry
effect on CZTS chemical properties, such as thergifices induced by using
a tin chloride precursor and and the final laydeat are also presented in

this chapter.

Chapter IV concerns the development of CZTS tHmdiby a hot-injection
method, using spin-coating as a deposition teclmidinis chapter mainly
focuses on the optimization of this material inwief its application as an
absorber layer in solar cells.

Chapter V is related to research activity on CZT@iocal properties.

Following the results of previous chapter IV, caomteg synthesis processes
and experimentation, this chapter focuses on: fecedf heat treatment time
on the final layer, 2) structural characterizatiand 3) optical properties of

the absorbing layers.

Chapter VI contains the Conclusions and some fuiarspectives.
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Chapter 2

General overview of CZTS material

2.1 Stability of the solvents leads the synthesis of U5

CZTS nanoparticles can be produced by differenhods using solvents as stabilizer
or surfactant. According to the classic sol-gelhnodt primary particles can be grown
in aqueous solution, if precursors metallic sals soluble before the reactions of
hydrolysis and condensation, which allow for thexfation of inorganic polymers that

eventually precipitate as amorphous particles28].[ The processes of hydrolysis and
condensation of precursors can occur also in @iffediquid media, for example

alcohol or hydrocarbon solvents, depending on tiengcal nature and reactivity of

the precursors.

A pioneering work on the synthesis of CZTS NCs ablished by Q. Guo et al.
(2009 [29]), who injected a solution of elementalfwr dissolved in OLA into a
solution of the metal precursor (Cu, Sn and ZnPDipA at 225 °C with a 30 min
reaction time [29]. In fact, solution stability asmajor issue. Cu, Sn and Zn ions from
precursors salts dispersed among solvent moleaalisie, as an effect of several
mechanisms, like Brownian motion, convection andvdy [29], thus leading to
condensation of new compounds. The forming pasgiotecolloidal size should tend
to attract each other by van der Waals [30] andsKeeforces [29], [31], [32] in
absence of complexing stabilizing agents. If gdhesacomplexing or chelating agent
can be used to avoid precipitation of fast growrgdaparticles, stability can be
promoted by using solvents like oleylamine (OLAheTamine group forms ionic
interactions with metallic ions and the long hyd@mon chain can be effective in
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avoiding agglomeration by steric hindrance [33]uStOLA is used to both activate
the precursors and cover nuclei, from which narstaty (NCs) will be grown. As
shown in the literature (e.g., see [34] and Figlireone of the effects of OLA is to
create metal complexes and prevent agglomeratitineofesulting nanoparticles [32],
[34].

Current literature is poor on the issues arisingnftoxicity of solvents like OLA [32],
which should be handled carefully, being corrosamel volatile at high temperatures
[35].

L
CulClk !
Zn(Cl)z 3
Sn IfC-H'. &
s 270°C @ é
+
3D rriEn HH . hH HH L.

Oleylamine ﬂ

Figure 4. Oleylamine effects, creating metal complexesigth kemperatures (over 230 °C) allowing the
CZTS formation [32].

2.2 Development of ink Precursors

One of the most intriguing and promising ways afdurcing PV cells is to use inks for
printing or spraying processes. In this regardititecould be a hybrid sol containing
nano-particles or amorphous inorganic 3D [32]. Aprapriate ink should: 1) develop
a large contact area between the two (liquid-sgiligses, 2) be produced by a large-
scale process and 3) provide a continuous adhécemtk-free” layer of kesterite.
[32].

S. Magdassi et al. (2010) [36] first underlined pussibility to inkjet and print this
type of ink to prepare thin films. Ink requiremersisd formulation guidelines are
extensively discussed in the literature. AccordingS. E. Habbas et al. [32], ink
stability is a major point, achievable by propentiesigning its composition,
stoichiometry and solvent. Regarding the latter,ES.Habbas et al. (2010) [32]

emphasized the importance of using low vapor-pressolvents (like OLA), to

10
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control evaporation during thin layer depositior?][3In fact, a fast release of the
solvent during the deposition process can causeorauniform surface, and a

premature precipitation of reactants [32].

.
Sputtered Mo on CZTS (Cu,ZnSnS,) After coating the CZTS NC-Inl:
sodalime glass (SLG) Nanocrystal-ink CZTS NC/Mo/SLG

v

e ———
After TCO and contacts: After CBD of buffer: After annealing with Se:
Ni/AI/ITO/i-Zn0/CdS/CZT55e /Mo /SLG CdS/CZTSSe/Mo/SLG CZTSSe/Mo/SLG

Figure 5. Fabrication of a nanocrystal-ink based copper zinc tin sulfoselenide solar cell starting from an
ink of CZTS nanocrystals and ending with a 7% efficient photovoltaic device [37].

Figure 5 shows how to prepare a PV device usinmlaf38, [39]. A further point of
interest is the substrate. Organic polymeric sabesrare largely used for their low
cost and flexible features, although they are saharmally resistant as metal foils or

glasses [32].

2.3 Low cost deposition techniques

The most popular low cost techniques for prepacwifpidal films are dip-coating and
spin-coating, but other techniques may be appkedh as capillary-flow, spraying
and electrophoresis [2], [3], [40].

2.3.1 Dip-coating

This well-known technique consists in dipping astdte into a sol and withdrawing
it at constant rate so that, as M. Guglielmi (20@0J reported, “a liquid layer remains
on the substrate with a thickness profile thatesedmined by the effect of different

11
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forces (described in the section 2.1) on its flod. Guglielmi et al. (1992) [41] also
observed that, in the case of sols prepared bylqmeganic precursors like metal
alkoxides, during the process the sol “changesh@slogical properties mainly due to
evaporation of solvents, but also as a result tbfision of water from the processing
atmosphere”, which promotes hydrolysis of precwsdiurther to hydrolysis and
condensation reactions occurring in the freshag#i, the viscosity increases quickly
and the gel point is attained, so that the thickradsthe deposited layer is fixed and
does not change anymore [32]. Therefore, M. Guugli@t al. (1992) stated that the

withdrawal at constant speed could produce a fiyell with constant thickness [41].

The thickness (h) of film prepared by dip-coating using a sol-gel process can be
determined by the following equation:

HHU2/3

"N gy

where the withdrawal speedusviscosity H,, surface tensiom, and density of the
solution and gravity acceleration constant g. Ftbis equation it can be deduced that
the thickness of the layer can be controlled byinarthe withdrawal rate. According
to M. Guglielmi and S. Zenezini (1990) [42], “largdanar substrates or axially
symmetric substrates may be uniformly coated bydipecoating technique with a
batch or a continuous process (Figure 6 (a)). Tdatimg could be also applied to a
complex substrate. However, the thickness willlm®uniform over the entire surface.
Nevertheless, thickness uniformity will be achiewdy if the driving mechanism for
the withdrawal of the substrate acts smoothly dnainy sources of mechanical or

acoustic vibrations are eliminated” [42].

2.3.2  Spin-coating
In spin-coating (Figure 6(b)) a proper amount dfisqut onto the substrate, which,
initially stationary, is then rotated at constangalar velocity®. The excess of sol

flows radially outward, driven by centrifugal forcgalling spin-up stage) and

12
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eliminated from the substrate (spin-off stage) [#Q]the latter stage, as mentioned by
M. Guglielmi (2001) [40], “evaporation of the sohte which occurs uniformly over
the sample, increases the concentration of thetigotu[31]. Due to the greater
density and viscosity resulting at the end of thecess, at this point gelation of sol or
the deposition of a determined ink takes place,thedhickness of the material layer
is fixed [40], [43]. The thickness is relatedddy the relation:

h=An®

where A and B are constants. B ranges between 1d40a/. Spin-coating is a
convenient technique for preparing films havingfomn thickness, provided that a
homogeneous sol with a constant viscosity is alklalrhe main typical drawback of
spin-coating is that only small samples with a ptaand simple geometry can be

coated uniformly [40].

Figure 6. Processes used to make thin-film coatings: (agadipng (1: batch process, 2: continuous
process); and (b) spin-coating processes [38].

Once the deposition of the colloidal films is cadiout, it is necessary to proceed with
thermal treatment, in order to obtain the finaliik material. The effects of this

thermal treatment or annealing on the CZTS thimdibre described below.

13
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2.4 Annealing effects from the precursor CZTS thin film

The sulfurization process, or the use of a sulfourse together with an inert
atmosphere during annealing, can contribute to fpaitie elemental distribution
through the entire CZTS layer, especially thos&mf Ge, S and Na [44]. The surface
morphology consists of several stacked layers,cupix in some cases. After each
treatment [81], the surface morphology of eachdagn be different, despite having
similar composition ratios [45].

An appropriate annealing temperature could optingeelity, crystallization and
crystal structure of the thin films. According toet literature, the substrate surface
warps at high temperatures so that strains andidefecrease, affecting the growth of
the crystalline phase [46]. As a consequence, peprbeat treatment at the correct
annealing temperature is one of the keys to imptbegejuality of the thin films.

Regarding the temperature of the annealing, lieeateports that kesterite annealed at
450 °C shows the (112) diffraction peak and a gongtalline quality; moreover,
higher annealing temperatures give larger graire,siand consequently lower
extension of grain boundaries [46]. Quite impofgrgrain boundaries, as many other

defects, can act as carrier traps, decreasing ityadiid conduction [47].

Figure 7 shows a system for annealing the precuveitih a sulfur source and inert
atmosphere [53], [81]. A recent publication by AniE&ani et al. (2013) [48] shows the
surface morphology of CZTS thin films annealed eahperatures between 500 and
575 °C. Increasing the annealing temperature ingwdiie crystallinity of the CZTS
thin films. Larger crystalline grains as well asmact and void-free structure reduces
the number of secondary phases. The authors olosdrae at 500 °C the grains are
smaller and some voids are also present [48]. Grstignt to coalesce as the annealing
temperature increases, with compact and largerngrabserved at annealing
temperature of 525 °C and 550 °C. At 550 °C, thengsize is approximately 1 pm
[48]. However, beyond 550 °C grain coarsening stavhich seems to lower the film
performance. Accordingly, 550 °C is the best terapge for the annealing in order to
optimize the performance of the CZTS thin films. felaver, Energy Dispersive
Analysis X-ray (EDAX) measurements reveal a zinchriand copper poor

composition, with a Zn/Sn ratie 1.2 and Cu/(Zn + Sn) ratie 0.89. So far higher

14
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efficiencies and optical properties have been akthiwith zinc-rich and copper-poor

compositions [49].

precursor

N, gas Ther\acouples (T.C.) /‘I’.C. / //TC. N, gas

e

vl

i .

3 zone heater \
Glass plate with a lid (Petri dish) Sulfur

680 x 18mm, 65cm°

Figure 7. Schematic diagram of the sulfurization furnacd.[53

24.1 CZTS phase formation during the annealing process

According to S. Delbos (2012) [50], CZTS is formeda range of temperatures
between 500 and 600 °C and, similarly to CIGS nma{ethrough chemical reactions

not yet completely understood [50].

Two types of processes have been studied by SoB¢i12) [50], in order to assess
the reactions forming CZTS: a one-step process Egilecursors already annealed
with an elemental Cu-rich target) and a two-stepcess (CZTS non-annealed
precursors, sulfur poor). In both processes theéeature and the presence of sulfur
play a fundamental role. These authors clearlyedta importance of a strict control
on the annealing temperature, because a too-&sirtent can develop strain and Sn
formation. These two effects hinder the formatidnasge grains, especially in the
two-step process [50, 51], S. Delbos (2012) [56b akmark that reactions are “taking
place in the bulk of the layer between the elem&ading to binaries, ternaries and

15
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finally the quaternary” phase [50]. “At room temaemre only binary compounds”
[50], such as Ggbry [52], CusZng [53], CuSn and CuZn are formed [54], [50], at
higher temperature (200 to 450 °C), metal chalcmgehinaries such as CuX, &4
and SnX (X corresponds to the non-metal elemerd)farmed [50], [55, 56, 57].
Beyond 450-C, CwX binaries react with Sn to form €snS [50]. Only over 550-580
°C [58, 59], and prolonged annealing time (or otep-sleposition and treatment at 500
°C [60], ZnX reacts with the ternaries £&mX; to finally form CuyuSnZnX, according

to the following equation [50]:

CwSnX; +ZnX — CwZnSnX,. (1)

A further important feature of the annealing praces the use of elemental sulfur (or
selenium) or HS. The latter is less reactive than elemental s@hd consequently
requires a longer annealing time for forming bineeynpounds and large CZTS grains
[50], [61, 62]. However, using 43 requires quite demanding control standards fr th
environmental toxicity and hazards, so that theaissulfur under inert atmosphere is
usually preferred.

The one-step process favors the conditions forgtioevth of Cu-rich material [63],
[50], whereas using an excess of sulfur does nmhpte the growth of large grains
[50].

Figure 8. SEM cross-section of CZTSe with ZnSe segregatiothe back contact (reproduced from
[50]), [67].
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Finally, both processes produce Zn-rich layers, @ngarticular CuX-free binaries
[64]. It is worth noting that if the film contain€wX at the end of the synthesis
process, a subsequent etching, e.g. using cyaleidds the formation of voids and
defects [50]. If Zn-rich growth conditions condii® are used, ZnX formation is
promoted (Figure 8 shown the ZnX formation at thekbcontact) [50], [65, 66, 67].

2.4.2 Theatmosphere control in the annealing process

Unlike CIGS, the reagents for a CZTS synthesis m@ne to evaporation and
sublimation [41]. According to S. Delbos et al. 12p [50], the Zn compounds
sublimate at 430 °C [68], SnSe at 350 °C [55], &hS870 °C and Sn at 460 °C [50],
[69, 70]. It is necessary to be aware that both higmperatures and atmosphere
control can promote CZTS decomposition pushingh® tight the equilibrium of
equation (2) [71, 72], [59].

CZnSnX (S) «—— CwX(s) + ZnX(s) + SnX(s) + 12X(d] (2)

If this equilibrium is shifted to the right, ZnX,n& and X are formed, leading to
CwX-rich layers, which increase resistance and pregead photovoltaic efficiencies
[50]. Thus, in order to avoid CZTS decompositidre atmosphere should be saturated
with the products of the right-side of equation [&)]. During the thermal treatment,
SnX can be introduced [50], or the partial pressirehalcogen can be increased [73,
74], by using in both cases a lid to cover a smlabed volume above the precursor
layer [75], [82]. Alternatively, using a 43 source during annealing, Zn loss can be
prevented by using ZnS as a precursor [76]. In scases it seems that the presence
of MoX; from the molybdenum substrate pushes the rea@joio the right [77], [50].

Although it is known that fast annealing in inapgmiate atmosphere leads to the
decomposition of CZTS, an appropriate atmosphedeséow annealing also causes
the formation of different secondary phases, indgdinary and ternary compounds
[78].

As described in the previous section, S. DelboslZ®Cet al. [50] elaborated two

strategies of CZTS synthesis annealing: one-stegrpsors with Cu-rich condition
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with no sulfur excess) and two-steps (from preawrseeding a sulfur excess). In the
latter, the annealing step consists of a short &efjew minutes) for forming CZTS

and a longer one (up to a few hours) for increagirain size. Thus the atmosphere
could also be different in each step [50], providadier gas and its pressure are well
controlled. Actually the atmosphere control is actimple task in sputtering systems,
“because reaction chambers are designed for congrdhe deposition rate and not the
partial pressure of each element” [50], [82]. Thisple consideration clearly adds

more interest to chemical routes.

2.5 Use of the ternary phase diagram (TPD) to understah the CZTS phase

stability and secondary phases

The complete phase diagram of CZTS, containing fmlemic species, requires a
complex three-dimensional representation. The amotisulfur in the film depends
on the reactions occurring with the metallic preous, reducing the degrees of
freedom of the system to three. The study of &cdagg et al. (2010) [63] on phase
diagram was based on comprehensive measuremengskgod. Olekseyuk et al.
(2004) [79]; ternary phase diagrams for a systedhOét °C with different regions of
composition are shown in Figure 9 and 10. It isttvoioting that the phase diagram of
Figure 9 is valid in a quasi-equilibrium at 400 #bwever, other experiments carried
out in comparable conditions (e.g. [80]) demonsttathe occurrence of secondary
phases, predicted by the diagram. Therefore, it tmayuseful both to depict the
compositions of the samples and to support assangptioncerning composition and
secondary phases. The diagram shows ten fields, adabem implying the presence
of CZTS with one or two secondary phases [63]. Acbuhe middle (the point is
labeled as “1” in Figure 9) only CZTS should exlIsis important to highlight that all
the secondary phases are compounds of sulfur and #re no metallic phases [63]
[79]. As described in the previous section, an sgcamount of sulfur is provided
during the sulfurization process. However, notth# secondary phases have been

considered, because they depend on the thermaim@eth conditions [79]. An
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important secondary phase is gn#hich forms at 700 °C when an excess of Sn
precursor is present, leading to a decrease ihdifiaiency of the CZTS layer [53]

o

mol % Cu,S

Figure 9. Ternary phase diagram of the Cu,S—ZnS—SnS, quasi-ternary system at 400 °C [63] [79].
Secondary phases expected in the different regions of the phase diagram are also reported (see the Table
2).

The investigations of J. J Scragg et al (2010),[@Bjide the phase diagram in regions
already indicating the possible secondary phasegpur@ 10) [63]. In the Zn-rich
region, for example, ZnS is the expected seconpghage formed by an excess of Zn
precursor. The Zn-poor region covers several fieldth various possible secondary
phases. One can notice that this notation is dleunusual: in literature Cu-poor and
Cu-rich are usually distinguished (e.g. [53]), wilih consideration for the ratio

between the remaining metals.

At the end, it is important to consider that inidaal phase diagram only secondary
compounds with Cu(l), Zn(ll) and Sn(IV) are takeroi account, with no mention of
ternary compounds such as SnS, CuSnS or CuSnS. According to Malerba
(2014) [82], the main spurious phases are thos€able 1: some of these are just
intermediate products of the reaction (at T <5@@),’while others are also present in
the final film [81, 82].
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= Cu,ZnSnS, 0-5

at% Cu —»

Figure 10. Ternary phase diagram with different regions of composition [63].

Table 1 Secondary phases for the Cu-Zn-Sn-S system fon ezaterial, stability

region, crystal structure (hexagonal), bandgapg@nEg and XRD reference (ICDD)

card number are reported [81, 82].

Chemical Mineral Stability Structure Eg (eV) XRD card
Formula
CuS Covellite T <507°C hexagonal 1.7 06-0464
75-2233
Cu,S Low- 0°C <T<104°C orthorhombic 1.18 23-0961
Chalcacite [83] 73-1138
Cu,S High- 90°C <T<435°C hexagonal 84-0206
Chalcocite
CusSs Digenite 72Cc<T<1130°C rhombohedra 1.8 47-1748
[84] 84-1770
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Chemical Mineral Stability Structure Eg (eV) XRD card
Formula
Cuz;Si6 Djurleite T <93°C orthorhombic 1.4 42-0564
83-1463
Cu;S, Anilite T<75°C orthorhombic 72-0617
2H-ZnS Wourtzite hexagonal 3.91 79-2204
ZnS Sphalerite cubic 3.54 05-0566
71-5975
a-SnS Herzenbergite Tper < 605°C orthorhombic 1.3 83-1758
[85] (Amnm)
B-SnS Tret > 605°C 73-1859
(Pbnm)
SnS; Ottemanite 1[85] 75-2183
2H-SnS Berndtite Tmerr = 870°C hexagonal 2.2 23-0677
[85] 83-1705
4H-SnS 21-1231
Cu,SnS T>400°C Cubic 0.96 [86]
Cu,Sns T<400°C tetragonal 1.35 [86]
CusSng Isostanite orthorhombic 1.60 [86] 36-0218
CusSnS Synthetic Tmeit <537°C rhombohedra 36-0053
Cu,ZnSnS,  Kesterite tetragonal 15 26-0575
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Chapter 3

CZTS synthesis by non-vacuum process

This chapter describes the production of CZTS fifins deposited from a metal salt
solution using two aqueous solutions. After mixthg@se solutions and obtaining the
sol, a dip-coating method is used to deposit wetymsor films. After presenting the
influence of different solutions and precursorstuady of phase formation using in situ
and ex situ methods will be discussed. Moreover effects of tin chlorides and sulfur
conditions with respect to the phase purity willdiecussed and possible solutions to
avoid them will be addressed. Finally a tentatiest of a solar cell cross section is

presented, together with an evaluation of opticapprties.

Part of this chapter has been published in:

“A water- and sulfurization- free solution route to Cu,.,.Zn1+,SnS”

Renato D’Angeld Cristy Leonor Azanza Ricardoa, Alberto Mitfig®aolo Scardj Matteo Leorft

J Sol-Gel Sci Technol. 72; 490-495, (2014). DONDO.7/s10971-014-3462-x

& University of Trento, DICAM, Via Mesiano 77, 3817tento, Italy.

® ENEA C.R. Casaccia, (S.P. 064), Via Anguillaresk, 80123, Roma, Italy
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3.1 Introduction

Thin film solar cells aim to become competitive witaditional silicon-based devices,
as a low cost per kW of the base materials is @l the possibility of building the
cell on flexible and non-flat substrates. Energwhsating in a thin film solar cell is
obtained via electron-hole pair formation in a ahbié absorber layer. The best
absorbers so far contain cadmium (e.g. CdTe, mbarddory efficiency of 18.3%
[87]) or indium (CIGS, CulGa«Se, max efficiency 20% [88]), the first one being
notoriously toxic and the other quite expensive.

The research is thus fostered towards finding radtiere absorbers, based on non-toxic
and inexpensive elements. The most interestingltseswe currently shown by a
synthetic analog of the mineral kesterite with falanCywZnSn(S,Se) (CZTS). An
efficiency of 11% has been already achieved in ldi®ratory using a partially
selenized CZTS [19]. Many processes have been peapior the production of CZTS
thin films and powders (for solar inks), most oéitth based on vacuum deposition,
complex synthetic routes or requiring a sulfuriaatistep, all of which are too
expensive for mass production. Limiting the scapelteap production routes, the best
stoichiometry, morphology and band gap (1.44-1.¥) leave been obtained with
absorbers synthesized from liquid phase [89]. Cotieeal aqueous solution
processes entail the possibility of forming M—O-bhHs in the precursor solution or
during the annealing step, which can lead to the&bon of unwanted extra phases if
the incorrect solvent is employed. Recent studds9J1] have shown the effects of
water, ethanol, ethylene glycol and methanol asest$: near stoichiometric CZTS
films were obtained up to 500-550 °C. H. Park et[22] tested nitrogen to replace
H,S for heating treatment and confirm the optimalicsiometry of sulfur in the
material.Here we report a simple process to olZ&imS without vacuum and without
sulfurization. A Zn-rich/Cu-poor CZTS is obtaindogneficial e.g. for solar energy
applications: previous reports [93,94] suggested ¢hCu-poor material leads to the
formation of Cu vacancies, which are shallow acmepin CZTS, while a Zn-rich
condition suppresses Cu substitution on the Zis,sted thus decreases the quantity of
deep acceptors. (cf. R. D’Angelo et al. 2014: ).[2]
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3.2 Sol-gel experimental details

Two routes using water and sulfurization-free sohytsimilar to the one proposed in
[90-92] are employed to obtain a stable stoichioynetf Cw.xZni+xSNS (where
x=0.2). Copper chloride (Cu (ll) 8RH,0), zinc chloride (zZn (II) G) and tin (IV)
chloride were chosen as metal sources. Both thgdaolis and the pentahydrate tin
(IV) chloride (Sn (IV) Ck and Sn (IV) CJ5H,0, respectively, were tested. Thiourea
(SC(NH,)2, was chosen as sulfur source. (cf. R. D’Angelal e2014: 2 [2]).

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

stoichiometry region, which is known to give CZT&nwles with the best

performances as absorber layer described in thaopiee motivation and state of the
art. Solutions were prepared by dissolving 0.45 aidhe copper source, 0.30 mol of
the zinc source and 0.25 mol of the chosen tincgour 20 mL of solvent using a
magnetic stirrer. Subsequently, 20 mL of a 0.60dWitson of thiourea was added. A
brown sol is obtained that turns white after shsfitring and then reverts to a
transparent and limpid yellow liquid after arounanfhutes of continuous stirring, as
shown in Figure 11. (cf. R. D’Angelo et al. 20142).

Figure 11.Final solution after 5 minute of stirring (S2B)

The resulting solution can be employed for the potidn of both powders and films.
Several combinations of solvents (water, ethartblylene glycol and methanol) were
tested. A detailed list of synthesis conditioneejgorted in Table 2.
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Table 2. Details of the solutions and their correspondiDig.|

Sol  Solvent ratio Solvent  Tin source Thermal Other

(Salts) (thiourea) treatment phases

S1A Ethanol 1:1 H.0 Sn(IV)Cl, TO-air + T1+S-1h  SnG++

CwS+

S2A Methan 1:1 EG Sn(lV)Cl, TO-air + T1+S-1h  SnO+

ol

S3A Ethanol 1:1 EG Sn(IV)Cl, TO-air + T1+S-1h  SnG+

Cw,S++

S4A  Ethanol 1:2 EG Sn(IV)Cl, TO-air + T1+S-1h  SnO++

CwS++

S1B Ethanol 1:1 H.0 Sn(IV)Cl»  TO-Ar + T1-noS- SnQ++
5H,0 3h

S2B  Methan 1:1 EG Sn(lV)Cl,»  TO-Ar + T1-noS-  --------
ol 5H,0 3h

S3B Ethanol 1:1 EG Sn(IV)Cl-  TO-Ar + T1-noS- CuwS+
5H,0 3h

S4B  Ethanol 1:2 EG Sn(IV)Cl»  TO-Ar + T1-noS- SnQ++
5H,0 3h

Following the literature and theory described ina@ter 2, the salts decompose,

leading to the formation of CZTS by the steps dbsdrbelow:

25




CZTS synthesis by non-vacuum process

Metal chlorides and thiourea dissolutions

Cu(Cl, —> Cii+2cCrI
Zn(Cl), —> ZH +2CI
sSn(Cly ——> sH +4cCI

(CEN,S) —> 5+ H" + NH,-C=NH

First solution: Reaction of metal chlorides in presence of sdlven

CH30H A CH30H
[M(CDX]XH20 ——> M* + Cl~ + XH20 —— M — OCH3 + XHCI

S2B: Cu(Cl), + Zn(Cl), + Sn(Cl) + 7TH20- A8 c* + zrf* + S + OCH3+ XHCI +xHoM

Second solution:Thiourea dissociation in presence of solvent

S S—H

H2N—C— NH2 <282 NH2 —C=N—H —— N=C—NH2 + H2S —— S~ + 2H"

S2B: (CHN,S) _HO-CH2CHZOH @ 4 1" + NH,-C=NH + OH-CH-CH,-OH
Final solution to CZTS formation: The nucleophile and coordination attack

XM1 — OCH3 + XM2 — OCH3 + XM3 — OCH3 + 45~ + 2Ht ~ 5

§S—M1-0—-CH3 + S—MZ—O—CH3+S—M3—G—CH3%? Cu;.,ZNn4,,5NnS,
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3.21 Deposition of precursors sols by dip-coating

Films were obtained by dip-coating (reported intisec2.3.1): an example is shown in
Figure 12. Residual solvents were removed by hessting the film at 150 °C for 5

min. In the dip-coating process, substrates weppatl and retracted at 3000 mm/s
with no yield time in the beaker. Soda lime glalgges (Corning 2947) were used as

substrates.

Figure 12. Example of the dip-coating deposition on a soda lime substrate using 3000 mm/s

The deposited and annealed samples were charaddyyz X-ray diffraction (XRD),
Raman spectroscopy, SEM and EDX. The annealingepsois described in the next

section.

3.22  Annealing of the precursors CZTS thin film deposited

A two-step thermal annealing was employed. The §itsp, performed at 220 °C for
10 min in air (TO-air) or in Ar (TO-Ar), respectiyefor the set A and set B of
specimens. The first step is aimed to remove tbegss solvents. The second step at
550 °C in Ar (T1-Ar) promotes the crystallizatioh the film and, if it is necessary,
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completes the sulfurization. Two alternatives weraployed for the second step:
either with 400 mg sulfur for 1h (T1-S-1h) or withicsulfur for 3h (T1-noS-3h). An

example of the annealing system is shown in Figuoé chapter 2, section 2.4 and a
picture of the real system is shown in Figure 1. $pecific details of each annealing

schedule, see Table 1.

The sintering of solution-deposited precursors within films with different types of
atmosphere can influence the grain growth, metal destribution, formation of
secondary phases and therefore the electronic piepef the resulting CZTS solar
cells. Of special interest in the following secsois the evolution of different layer
morphologies, as well as the bulk and surface caitipa when the precursor is

annealed under inert atmosphere and contempordpéossiifur atmosphere.

Figure 13 Tubular furnace. Inside there is a sample to bealed with 400 mg of sulfur for 1 h

3.3 Results and discussion of the sols (S2B) precursors

3.3.1 Formation of CuygZn;,5nS,

In order to understand the sequence of reactioadirlg to the formation of
Cu gZn 5SNS infrared absorption spectra (FT-IR) were from piecursor solutions.
The instrument used was a PerkinElmer SPECTRUM ®NHR spectrometer (633
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nm Class 1 laser), on liquid droplets using an A(M®enuated Total Reflection)
attachment (ZnSe crystal).

The study of the reactions of £&n;.,SnS was done on the S2B solution as well as
on the metal and the thiourea solutions leading (pamed, respectively, S2B-metal
and S2B-thiourea). The methanol solution of theowties can be quite a complex
system: at the given low molarity, the salt is lgtdecomposed and just coordination
complexes are expected in S2B-metal. Some waterdtadso be present due to the
atmospheric moisture, the residual water in thelat and the structural water
released by the solids. Under those conditions,esalkoxides (M(OR) may form,
but their condensation (thus the formation of gopragel) is unlikely, at least for short
processing times: the metal ions will be therefowerdinated by the alcohol and by
the water molecules (M-O-R or M-O,H The typical demonstration of this formation
occurs when a green color is observed like that se€igure 14. (cf. R. D’Angelo et
al. 2014: 3 [2)).

Figure 14. Metal solution, (S2B-metal)

The green color is typical for coordination compdsie.g. of Cu. The FT-IR spectrum
of S2B-metal confirms this coordination, being vemnilar to the methanol one, but
with the extra presence of a 1635 tipeak compatible with the2 band of liquid

water (see figure 15)
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Figure 15. ATR-FTIR spectra. In (a) the precursors solution: Thiourea, Ethylene glycol, and thiurea on
ethylene glycol (S2B-Thiurea). In (b) the methanol and the precursor solution: alkoxydes in methanol
(S2B-Metals). (c) The final solution (S2B) CZTS samples with the methanol solvents: ethylene glycol
and the precursors solutions: S2B-Thiurea and S2B-Metals
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In the spectrum (Figure 15 a) for the thiourea otuit was possible to observe that
the organosulfur compound (thiourea) is dissolvedngletely in the diol in an
analogous way. The alcoholic dissolution of thiauhas already been reported in the
literature [95]. The FT-IR spectrum of S2B-thioustsows all the features of ethylene
glycol solution plus some extra bands related tagen of thiourea. The double band
observed around 3300 &his in fact the combination of the OH signal frorater and
the diol with the doublet coming from the stretghof the NH of thiourea [96].

Through this characterization it was possible tdarstand the role of the two mixed

solutions, and as the lone pairs of sulfur in theauare attracted to the metal cations
and it will likely substitute for at least some thie existing species coordinating the
metal (more likely the alcohol and water molecuéessthey are less bound to the metal

ion).

Following literature [95, 96], the cations will bieerefore octahedrally coordinated by
the original anions (chlorine) plus a variable nembf thiourea, methanol and water
molecules. The number largely depends on the cataance and on the steric
hindrance. This coordination of the metal ion(sjhvaulfur is likely to be responsible
for the change of color of the S2B solution juseaB52B-metals and S2B-thiourea are
mixed. The coordination with the metal ion lowehg tstrength of the S-C bond in
thiourea that becomes more prone to a nucleoptiitck and possible conversion into
a O-C bond. A plausible type of attack involves titamsformation of the complex into
a thiol and the conversion of thiourea into ureadieted by hydroxide ions. It is
possible that this second reaction step is resplengor the solution changing to a
white color (opaque), creating a metastable sols T probably the starting step
towards the production of the sulfide. An increasthe temperature is then necessary
to promote the elimination of HCI and the formatiohsulfide bonds. The FT-IR
spectrum is unable to give a full confirmation héstprocess: thiourea is in excess, the
solvents mask all other signals and sulfide boratnot be seen in the accessible
range [96, 96]

Further insights are provided by Raman spectros¢sgpg Figure 16). Raman spectra

were collected on a LabRAM Aramis confocal microRamsystem, using a
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backscattering configuration at 532 nm and speatemwith a grating of 1800

grooves/mm coupled to an air cooled 1024*256 VIDCC

The spectra show a downshift of th€S) at ca. 700 cthin S2B with respect to S2B-
thiourea, compatible with a coordination of thicuneith the metal ion(s) [96]. The
Raman spectrum at lower wavenumbers (see Figurel$6)shows a simultaneous
reduction of the signal related to the coordinatadnthe metal chlorides with the
alcohol/water, and an increase in the signal frdra tmetal-sulfur bond. Both

observations are compatible with the proposed imastheme.

12000f4 . 9B
3 S2B-metals
100004 § —+— S2B thiourea
oM-S
vM-S
0 8000 : vMCI methanol . M= Cu.,Zn.Sn
5 complexes B Ethyleneglycol
5 6000 O Methanol
2
g
E 4000
2000
0 T T T T T T T T —
0 200 400 600 800 1000 1200 1400 1600

Raman shift (cm™)

Figure 16.Raman spectra of the CZTS precursors S2B

It is possible that the increase in steric hindeamthen moving from methanol to
ethanol to ethylene glycol is responsible for tlmveg down of the reactions in the
corresponding cases and, ultimately, for the olegkrincrease in stoichiometry
control. The high density and polarity of the dg#dems also the key for a better

dissolution and stabilization of thiourea with resp to the water-based and
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conventional sol-gel approaches usually proposeHeariterature. (cf. R. D’Angelo et
al. 2014: 3 [5]).

3.3.2 Stability and formation of CZTS by DTA/TG

To investigate the thermal stability of CZTS frohe tfinal solution S2B (yellow color,
see Figure 11), samples were studied by DTA/TGtaticsair under atmospheric
conditions. Approximately equal aliquots of ca. 28 of solution were placed in
Al,O3 crucibles (100 mg capacity), subjected to a lirregating ramp between 25 °C
to 900 °C at a heating rate of 10 °C/min in flughimitrogen at 100 sml/min. A
Setaram TG-DTA apparatus equipped with a LABSYS AT® 1600 °C rod. The
test measurements were made for the mass vartibre sample as a function of the
temperature and the phase changes by the absoqgptitve emission of energy (heat
flow) against temperature. Analyses of the hea#ffeeaks were conducted using the
Setaram proprietary software.

TG/DSC analyses were conducted in order to studg #nergy stability,
decomposition and the phase transition behaviothef solution precursors S2B
(Figure 17). All three metal precursors and thiaushowed the evaporation of the
solvents (methanol, EG and,® complexes with the salt precursors) developing a
weight loss of ~40 % at 160 °C (Endo process)y dlftis step, the previous forms of
CZTS will begin with the attack complex. Furthemaaling to 214 and 526 °C is
accompanied by a slight weight loss of about 5 %o (Rrocess), ascribed to a loss of
sulfur (from the thiourea) and chloride ions (frén@ metals precursor), which occur
together with the probable formation of binaryney and the quaternary compounds
like CuSNS +ZnS < CwxZM+SnS. At 525 °C formation of the quaternary CZTS
compounds is completed, but above 550 °C the CZjSlilerium is broken, and
decomposition starts with a considerable weight [68], [97], [102].

33



CZTS synthesis by non-vacuum process

T T T T T
o First step Second step Decomposition
Py
Exo -
. —=—Weight

-10 A 526 —._DTA =
3
i
S -20- EU:-
= 46% Los @
5 Endo o
(@] F4------- N - =N T T o
= 301 2
e
3
«
-40 - =

................. 213°C N

-50 T T T T T T T T 1

0 200 400 600 800 1000

Figure 17. TGA (left) and DSC (right) of CZTS of the finatgrursor solution S2B (yellow solution).
The heat treatment temperature should be 526 Gtétization completes, decomposition tremperature
and the energy envolved).

However, this characterization confirmed how edpilim has been achieved in one-
step (cf. equation 2 in previous sections 2.4.1 2dd?), to form non-stoichiometric

CZTS by a non-vacuum method.

3.4 Results and discussion of the CZTS thin films fron®2B after the annealing

34.1 Impurities from solutions with and without sulfur source

For an in situ study of crystallization and impwyrghase identification by XRD, the
CZTS sol precursor S2B was converted into cryslkesterite by a high temperature

annealing, as described in section 3.4.
All samples were characterized using grazing inadeX-ray diffraction with a fixed

incidence angle©=0.8°. Diffraction data were collected on a PANaist X'Pert

MRD diffractometer, operated with a cobalt sou#® KV, 30 mA) and equipped with

a polycapillary primary optics and a secondarydiaphite analyzer.

34



CZTS synthesis by non-vacuum process

The X-ray diffraction patterns taken in grazingidence on the films prepared from
the proposed solutions (as described in Table &)saown in Figure 18 and 19.
Kesterite (ICDD PDF2 card #26-0575) is presentlicases: impurities in some of the
patterns are cassiterite (SHOCDD PDF2 card #41-1445) and copper sulfide
(digenite CyS, e.g. ICDD PDF2 card 24-0061). No further sulfpfese are directly
identified, as their diffraction peaks might hideder (overlap with) those of CZTS,
owing to a similarity between the CZTS and the zZbhende crystal structures [90],
[97].
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Figure 18. Grazing-incidence XRD patterns of CZTS films fraime precursor SA starting with
anhydrous tin chloride (Sng}land with a excess on sulfur annealing.

35



CZTS synthesis by non-vacuum process

(112)

4 (220)

Intensity (a.u)

26 (deg)

Figure 19. Grazing-incidence XRD patterns of CZTS films fraime precursor SB starting with
pentahydrate (Sn@bH,O) and without a sulfur annealing.

A qualitative evaluation of the phase content posed in Table 1. The synthesis in
methanol/ethylene glycol (S2B) leads to the fororawf pure kesterite, as witnessed
by the absence of peaks from spurious phases;igh&#dso confirmed by Raman

spectroscopy measurements and EDXS (Figure 20 Bnd 2

3.4.2  Surface composition

Raman spectroscopy was collected after the anmeaiap using an excitation
wavelength of 532 nm. The same instrument describefdre (section 3.5.2), a
LabRAM Aramis confocal micro-Raman system. Ramamcsp do not reveal
substantial information about the presence of s#agnphases which are detectable
by XRD (see Figures 18 and 19). The Raman spectfigure 20) shows the main
peaks of polycrystalline CZTS at 285 and 337 cand a weak signal around 370 cm

! which are all as reported in literature (see 8aI[86], [98].

The possible Raman modes of CZTS and other secpptlases are listed in table 3
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Table 3.Raman peaks in GgZn; ,.SnS thin film: CZTS and spurious phases.

Phase Raman shift (crit) Phase Raman shift (cif)

CZTS 260, 289, 340, 366 (polycrystalline)
T-CuoSnSs 297, 337, 352

Cubic- Cu,SnS 267, 303, 356

Cubic ZnS 275, 352

CuzS 474

SnS 160, 190, 219 (not observed)

SnS 314, 215 (not observed)

SpS3 32,60, 111, 224, 307-311

The presence of this weak peak reflects the remgi8iin the absorber and therefore a
mixed CZTS phase. The main CZTS (polycrystalliseqlready weakly visible in the

measurement at 366 cncondition.
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Figure 20.Raman spectrum of the S2B specimen depositedams ghd annealing without sulfur
The peak around 474 chprobably stems from G8 [50], [54-55] and not from a ZnS
phase. The main peak corresponding to the ZnS phaseected at 250 ¢hi99]. It

is still possible to detect at 274 ¢rand a bit at 350 cil) however, the probing depth

of Raman is limited to less than a micron, and jpsZnS accumulation close to the
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back contact may not be detected. This would besistant with ZnS accumulation
close to the back contact. XRD is not typicallydise find this type of phase, since

diffraction peaks overlap heavily with those of firencipal kesterite phase [99].

If Zn is bound to S, UV Raman with a 325 nm exawatwvavelength would be needed
for resonant Raman measurement due to its higherabpand gap compared to ZnS
[100]. The presence of the §8nSemain Raman peaks around 302, 334 and 355 cm
cannot be excluded [63], although the ternary plidagram (Figure 9) suggests its
formation in this sample should be unfavorable Gkapter 2 section 2.5).

EDXS was carried out with a Jeol JMS 7401F instmimasing the Bruker EDX. The
study was aimed once again toward the spuriousegha&specially in specimens SA
(see Table 2), but also to have a better undersigqurad the ratio of different cations.
In fact, it should be noticed that a slightly urdraded ratio between Cu and Zn,
favoring Zn (EDXS) led to the desired stoichiomediy gZn; ;SnS with a target ratio
Cu/(2 x Zn)=0.75, which can be advantageous farsaergy harvesting applications.
Figure 21 shows a graphic with more details usimg éstimated EDXS result for
every solution ID.
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Figure 21. Estimetd stoichiometry for the different testedveats (several measured were performed
for each solution ID).
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These data indicate that sulfurization is not akvagcessary to obtain an optimal
stoichiometry, a point that can be verified withusions S3B and S2B presenting less
scattering. The resulting ratios of metal elemef®u/(Zn+Sn) and Zn/Sn
respectively] of the solutions with a closer stadchetric distribution were around
0.82 and 1.35 for S3B and 0.84 and 1,29 for S2B fsgure 21), showing that Cu-
poor and Zn-rich compositions are sustained ub® & with longer annealing times.
Previous reports [100-101] have demonstrated th@u-goor condition leads to the
formation of Cu vacancies, which generate shallgoaeptors in CZTS, while a Zn-
rich condition suppresses Cu substitutions at Ztessi which increases the

concentration of deep acceptors [27].

Moreover comparing the various specimens, the smétion step seems to be
responsible for the formation of the extra coppdfide. The choice of the solvent
also has an effect on the stabilization of theidim leading to the formation of tin

oxide together with kesterite.

3.4.3 Morphological study

For compositional/morphological characterizatidre samples were analyzed using A
Jeol IMS 7401F Field-Emission SEM equipped withrakBr EDX detector.

Figure 22 shows elemental mapping studies onsfy >,SnS thin films composition.
No contrast is observed in elemental map imageshwimply that the films are
chemically homogenous. According to the phasediitlsoh by the Raman studies ZnS
is an insulator, SnS, 8BNS, CuSNS, SnS; are semiconductors, whereas(3lis a
degenerate semiconductor [3],[20], hence a sepsegtegation of any of these phases
was anticipated from elemental mapping studies. él@r, elemental maps could not

reveal any segregation of phases.
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Figure 22. Elemental maps of Cu, Zn, Sn and S along with corresponding microstructure for
Cu; 3Zn,; ,SnS, thin film from the precursor solution S2B

Since the electron beam penetrates down to thdratésn elemental mapping, the
applied voltage (20 kV) could be one of the possrelasons why the phase separation
could not be revealed when the phases are isolatsgatial distribution [27]. The
other possible reason could be that the secondeaygs, which are quantitatively less
or appear in isolated regions, could not be ideatiin the area under scan.

However, in Figure 23 (left) it can be observed thanicrograph collected at lower
accelerating voltage gives same contrast and Iorégist whereas the image collected
at higher accelerating voltage shows clear conimate microstructure. This confirms
that the secondary phase is buried under the suwhach belongs to G&nS phase.
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Figure 23. SEM and cross section images of Cu; gZn;,SnS, thin film from the precursor solution S2B
recorded on a lump morphology at 10 kV accelerating voltage with a magnification at (left) | pm and
(right) 100 nm respectively.

On the other hand, the morphology shows a non-tmiftistribution of agglomerated
particles with well-defined voids and boundari¢ssialso seen where the tin source
affects the quality and microstructure of the resglmaterial. The soluble but volatile
anhydrous tin chloride (Snglused for the solutions S [1, 2, 3, 4] A (see €ad) is
always employed in the literature. The less dangenpentahydrate (SnebH,0)
[101] used for the synthesis of the S2B solutioalugon with the best results
reported), gives less contamination and a redueadency, for the films, towards
island growth, which is shown in the cross sectibthe Figure 23 (right). Further, tin
(IV) pentahydrate does not evaporate and can thasagtee a better stoichiometry

control.

3.5 Tentative test of the S2B specimen for solar celpalications

This section reports the optical properties ofgdhecimen S2B deposited and annealed
in the UNITN laboratory and measured in collabamnatwith ENEA-Research Center
in Rome. The cross section and the band gap ensegg analyzed, in order to
develop a test device. However, these analysessmwnd just to an attempt to verify
the quality of the material, despite the morphatagiproblems described in the

previous section.
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The cross section of the final CZTS thin-film sotal can be observed in Figure 24
(left). The CZTS absorber layer is clearly visiblgh a thickness of about 1}5n, as
well as kesterite crystals of a few hundred nanersein size. No MoSlayer was
detected under the absorber layer. The CdS bayer land the sputtered ZnO/ZnO:Al
top electrode are observed on top of the absoayer.IFollowing the theory explained
in the section 2.5, the CZTS layer does not showteace of impurities like SnO"
Cw,S™. However, owing to flaws of the final morphologsndgst probably, short-
circuits), it was not possible to measure curreitage characteristic curve for the
CZTS thin film device; therefore, the CZTS was @dstmeasuring the optical
properties in order to obtain the band-gap of t&@& & thin film after the annealing

step.

Starting from the transmittance spectra of a CZlr8sfand using the film thickness,

the absorption coefficientis obtained as:
a=1/t In LT

where t is film thickness and T is the transmite@otthe film. Figure 24 (right) shows
the Bandgap from the absorption coefficiem} ¢f CZTS films from two different

samples using the S2B precursor solutions.

The transmittance spectra of two S2B precursorgladorresponding CZTS film are
reported. The latter was used to obtain the abisorptoefficient () of the final
materials and the energy gap was estimated usidg&(), [86], defined as the energy
value ato=10" cm®. In the sample reported in Figure 24 (left) thsuléng value of
EO4 for the sample S2B is 1.52 eV (red Tauc-plttls can be considered as an
acceptable value in comparison with those repdrtdtie literature [24], [86], taking
into account the morphological defects. As a coispat 1.61 eV (blue Tauc-Plot) is
the value of a typical example of CZTS done by tguutg method (from ENEA
laboratories). The absorption edge of the precug2B has a high wavelength, thus
revealing optimal bandgap energy around 1.52 eVhefdeposited materials. This
effect of the wavelength together with the morphatal effects can be consistent both
with a strongly disordered CZTS and with the preseaof secondary phases such as
CwSnS (Eg~1.35 eV) or SnS (Eg~1.30 eV) [11], [16, 184
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Figure 24. CZTS thin film cross section of specimen S2B (to the left) produced at the University of
Trento. CZTS optical properties of specimen S2B (to the right): the red line refers to a sample deposited
at the UNITN and mesured by ENEA; blue line is for a reference film produced by ENEA labs by
sputtering.

3.6 Conclusions

The optical properties obtained are in accordanitle the data reported in literature
[4], [24] while the cross section for the thin fildevice showed grain growth that can
cause short-circuit, decreasing thg Value. This behavior of a high band gap and low
Voc has been already described in section 1.3. Mdogtefare necessary to optimize
the process, and this requires improved experirhaaaditions, besides possibly
changing precursor (tin chloride): specific attentshould be devoted to improve the
morphology of the CZTS absorber layer, avoidingrfation of large pores while, at
the same time, controlling the stoichiometry andeslze of spurious phases, so to

increase the overall solar-cell performance.
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Chapter 4

Monodisperse CZTS processed by colloidal

method synthesis

The following chapter describes a new approachdasea hot injection method for
large scale synthesis of CZTS nanoparticles, miimgi the use of organic solvents.
Nanocrystals were synthesized starting from mdtldrdes and pure sulfur powder
and using Oleylamine (OLA) as a capping agent. Tinst part shows the
microstructure characteristics (size distributishape, and stoichiometry) and optical
properties evaluated. The investigation confirmedt tthe use of metal chlorides,
though low-cost precursors, makes difficult thetoanof composition, size and final
shape of the nanopatrticles. Since stoichiometfyndamental for high efficient films,
the second part of this chapter is focused on tharal of the composition. In
particular, the effects of the amount of sulfur jpew(sulfur source), solvent and zinc

precursor on the chemical and physical propertie®wvestigated
Part A of this chapter has been published in:

“Chloride-based route for monodisperse CZTS nanopaitles preparation”.
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This part A of the project was carried out with twdlaboration of several researchers.

A brief description of the responsibilities of ealthor is shown below:

Cristy Leonor Azanza Ricardo worked as an advikooughout all this part of the
project. The hot-injection synthesis was carrietl muR. D’Angelo in collaboration
with F. Girardi and E. Cappelletto. Depositionsgiass were done by R. D’Angelo.
R. Ciancio and E. Carlino performed the TEM measa@s and analysis. P.C. Ricci
was responsible of the Raman measurements andsenaBlberto Mittiga and
Claudia Malerba were responsible of carrying oet diptical and SEM cross-section
analysis at ENEA labs; more observations were miagleR. D’Angelo at the
University of Trento. Rosa Di Maggio and Paolo Sicavorked as supervisors of the
entire work, with specific contributions in integpation of the results and part of the
writing of papers.

4.1 Introduction

The production of high quality GEAnSNnS(CZTS) nanoparticles still receives a
growing attention for fabrication of absorber lag/én photovoltaic devices. Recent
work outlined the possibility of obtaining differenCZTS polymorphs [102],
tetragonal or hexagonal, depending on the capmegtaand/or the metal sources. The
major influence of the sulfur source on the finahge of nanocrystals has also been
investigated and fully acknowledged. Complex ange@sive metal sources are
required to achieve a fine control of compositid83]. When using cost-effective and
simpler starting materials such as chlorides, gelammount of Zn cations is not
actively used in the synthesis, as an effect ofldhge difference between the stability
of zinc complex and copper and tin ones [104]. Tikithe main reason why most
authors use a Zn excess to compensate for itanade preparation [105]. The best
performance, for a device using CZTS as absorlyer lm thin film solar cells, has
been historically obtained working within a narreampositional window, with Cu-
poor and Zn-rich stoichiometry [64-66]. In factjstitondition is desirable to prevent
formation of both detrimental copper-sulfide phalg2d and harmful intrinsic defects
predicted by ab-initio calculations (such as*Guand Cu,+Cusy) [63], [73, 74]. It
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follows a new simple approach to gram-scale CZTSoparticle production
minimizing the amount of organic solvents. It iséd on the hot injection method, a
widely used procedure for colloidal nanocrystaledoction in which three main
elements may be identified: precursors, organi¢astants and solvents (in some
cases, surfactants also serve as solvents). Thisotheonsists of injecting a cold
solution of precursors into a hot surfactant, lagdio the immediate nucleation and
growth of nanocrystals. This is a convenient rdotéhe synthesis of a wide range of
semiconducting nanocrystals, providing good contmler composition and

morphology.

A key point of this work is that the nanocrystahfesis was performed starting from
metal chlorides as metal sources and pure sulfwdpg and using Oleylamine (OLA)
as capping agent (acting as surfactant and sohtehe same time) [2]; in this way we
avoid organic stabilizers or more complex and toeee more expensive reagents,
such as metal acetylacetonates. Through the ogtiloizand the control of synthesis
parameters, it is possible to obtain a good (greate$ amount of high quality
nanoparticles, in terms of morphology and compasjtieven if prepared by using
commercial (70% grade) OLA [33, 34]. This approadh enable low-cost fabrication
of solar cell devices through techniques such ap dasting, dip coating, spin coating,

or printing of the resulting CZTS nanocrystal smiot

4.2 Experimental details

Copper (Il) chloride dihydrate (CuLC2H,O, Aldrich,>99.0%), Zinc chloride (Zngl
Aldrich >98%), Tin (lI) Chloride (SnGI2H,O, Aldrich 98%) were dehydrated at 200
°C under vacuum. Sulfur powder (Aldrich), oleylamif©LA, Aldrich, 70%), Toluene
(Aldrich, 99.9%) and Ethanol (Aldrich, >99%) wergea without further purification.
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CuClz
ZnCl,
SnCl,
+
Oleylamine

vacuum

I
heated to 130 °C
|

when the mixture turned brow

degassed and refilled with N,

vacuum

heated to 270 °C

injected 3 mL of Sulfur source

30 min

cooled down to 60 °C

I
+
5 mL Toluene and 25 mL ETOH

centrifugal separation at 4000 rpm for 10 min

Figure 25. Scheme of the principal steps to synthetize the CZTS nanoparticles by hot injection method.

CZTS nanoparticles were synthesized according ¢éosttheme in Figure 25. In a
typical reaction, 4 mmol of Cugl6.22 mmol of ZnGl and 2.16 mmol of Sn¢l
(Cu:Zn:Sn=2:3.11:1.08) were mixed into a 100 mLe&neck round bottom flask
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containing 20 mL of OLA. The system was connected Schlenk line apparatus, in
order to carry out all the experiments in a statdar-free condition. Oleylamine was

added both as solvent and as capping agent forathecrystals.

The mixture was heated to 130 °C, when the coloaime brown. At this temperature
the flask was degassed and refilled with nitroggrtisies and kept under vacuum for
10 minutes. The temperature was raised to 270 tteen 8 ml of a sulfur/OLA 1M
solution was rapidly injected under strong stirrangd N flux. After the hot injection
the mixture turned black. The mixture was kept & 2C for 30 minutes and then
naturally cooled to room temperature [2]. The fisabpension of nanoparticles was
first mixed with a solution of toluene:ethanol 1% volume and centrifuged for 10
min at 4000 rpm in order to separate the solvefthe “ink” containing the CZTS
nanoparticles. At the end of the synthesis procassamount of 1.10 g of dried
nanoparticles was obtained.

Figure 26.Final Ink suspended in toluene

The ink was prepared adding 1-2 ml of toluene ¢orthnoparticles and sonicating for
15 min (Figure 26). Films were obtained by spinttwa technique and residual
toluene was removed in oven at 150 °C for 5 mitic@&i wafers, which provide
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minimal background contribution beside a smoottiasar;, were used as substrate for
X-ray diffraction (XRD) measurements, whereas sdisi@e glasses for Raman
spectroscopy and optical characterization. A drdépaosuspension of the CZTS
nanoparticles in toluene (1:10) was spread onta gridl, dried in air and observed by

Transmission Electron Microscopy (TEM).

The hydrodynamic size of the CZTS nanoparticles wharacterized using a
DelsaNano (Beckman Coulter) instrument for Dynamght Scattering (DLS). DLS
measures the intensity of a laser light scattereduspended particles. The average
hydrodynamic diameter of the particles is derivemhT the temporal evolution of the
scattered light intensity using the Stokes-Einstequation [106]. Mixtures were
sonicated for 15 min using a bath sonicator (4038/kHz, Elma 460/H) before the
size analysis. All data were collected at room terajure (25 °C), kept constant by
the DelsaNano C instrument. Reliability of hydrodgmic size values was ensured,
according to a standard procedure, by 10 scanse&mh analysis. The optical
properties were investigated by transmittance agilkatance measurements in the
250-2500 nm wavelength range, using a Perkin Elo@enbda9 spectrophotometer
equipped with an integrating sphere. Raman scatfenieasurements were carried out
in backscattering geometry with the 1064 nm lin@did:YAG laser. Measurements
were performed in air at room temperature with mgact spectrometer BWTEK i-
Raman Exintegrated system. The powder diffracti@attepn was collected on a
Phillips XPert MRD diffractometer, using &oradiation filtered by a diffracted-beam
graphite analyzer. This instrument provides a psquatallel beam with a divergence
of about 0.3° by using a polycaplillary lens. Rrehary morphological analysis was
carried out using a Zeiss Supra 40 field-emissiom gFEG) scanning electron
microscope (SEM) equipped with a Gemini column &mdens detectors yielding
increased signal-to-noise ratio. The nanostruchfreghe CZTS nanoparticles was
thoroughly determined by high resolution transneissélectron microscopy (HRTEM)
and high angle annular dark field (HAADF) scannifiigM (STEM) analyses. The
TEM/STEM experiments were carried out using a JEXOLO UHR field emission
gun microscope operated at 200 kV with a measypbdrgal aberration coefficient

Cs of 0.47 £ 0.01 mm, resulting in a spatial regofuat optimum defocus of 0.19 nm.
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The microscope is equipped with an Oxford system efioergy dispersive X-ray
spectroscopy (EDXS) studies. High-Angle Annular IB&reld (HAADF) images

were acquired using an illumination semi-angle afriirad and a collection angle
88<206<234 mrad to enhance the sensitivity and detectatran in the specimen
average atomic number [107, 108]. EDXS analyse® warried out in STEM mode
by scanning an electron probe of 0.5 nm to detegrmaccurately the chemical

composition of nanopatrticles.

4.3 Results

The nanoparticles synthesized by hot injection vegteerical and monodisperse. The
HRSEM micrograph shown in Figure 27 (left) pointst dhat they tend to self-
assemble with a planar and homogeneous distribuNano-particle size distribution
was determined by analyzing a large set of SEM é@wagigure 27 (right) shows the
size distribution measured by DLS (providing a logimamic average diameter of
16.2 nm and a Polydispersity Index (PI) of 0.014icl indicates a monodisperse
suspension) compared to that measured by SEM imanaag a size distribution
peaked at 17+4 nm. HRTEM investigations confirm tfaoparticles tend to form
self-organized close-packed monolayers. Roundedpaatcles with a diameter of
about 16 nm were observed by HRTEM in Figure 28xmawith a minor fraction of
smaller-size irregularly shaped particles. The esponding Selected Area Electron
Diffraction (SAED) pattern in Figure 28b is comidéi both with hexagonal structure
of CZTS as well as those of the tetragonal CZTS.
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Figure 27. HRSEM micrograph showing the self-assembling behaviour of the nanoparticles (left); size
distribution obtained from HRSEM and corresponding DLS measurements (right).

Figure 28 (a) HRTEM micrograph of a representative cluster of nanoparticles and (b) related Selected
Area Electron Diffraction showing rings compatible with the CZTS hexagonal and tetragonal crystal
structure; (c) HRTEM image highlighting the presence of contrast variation within the nanoparticles
compatible with a core-shell structure (dashed box area); (d) representative diffractogram of an
individual nanoparticle showing the presence of both the CZTS hexagonal and CZTS tetragonal pattern,
respectively in the [0001] and [221] zone axis.
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Figure 29. HAADF-STEM images of the nanoparticles. In a) a rounded CZTS nanoparticle is marked
by the dashed box where the presence of contrast variation between core and shell can be seen and
appreciated in better detail in b). An isolated CZTS nanoparticle with evidence of a core-shell structure
is shown in ¢), with the corresponding Inverse Fast Fourier Transform shown.

A closer HRTEM inspection of nanoparticles revealsslight contrast difference
between the core and the peripheral areas, as shoWwigure 28c. Diffractograms

recorded over those nanoparticles show a pattetim tiwe characteristic spots of the
[0001] zone axis of the CZTS/ZnS hexagonal celhglwith those of the [221] zone
axis of the CZTS tetragonal cell. A representatlifractogram is displayed in Figure
28d where the spots are indexed and the two comitndp patterns are highlighted by
circles (dotted for CZTS tetragonal and solid f&TS hexagonal/ZnS hexagonal) for
an easy visualization. These observations pointaopbssible core-shell structure:
further support to this interpretation stems fro/MADF/STEM and EDXS. The

HAADF image contrast of Figure 29a indicates a cosiponal variation across the
nanoparticles. As visible in the higher magnifioatimage of Figures 29b and in the
HAADF image in Figure 29c, (obtained after Gausgiering in the reciprocal space

to highlight the lattice fringes visibility in thearticle), image contrast variations can
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be appreciated between the core and the peripligheamanoparticles. The brighter
contrast of the core is compatible with a highensity region. From the HAADF
image of Figure 29c the shell thickness can beneséid in about 3 nm. EDXS line-
scan profiles collected across the nanoparticlesige further insight into the core-
shell architecture and reveal the possible presefaditional phases segregating
during the synthesis.
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Figure 30. HAADF/STEM image of self-assembled nanoparticles. Line and arrow indicate the area
where the EDS line-scan profiles have been acquired, providing the EDS elemental profile of Cu
(violet), Zn (red) Sn (green), S (blue) shown below.

Figure 30 shows the STEM-EDXS line-scan taken alkhegyellow line. The signals
of Cu, Zn and S follow an almost constant and hanegus profile across the first
two nanoparticles on the left-bottom, whereas arclecrease in the Zn signal (red
profile) and a corresponding drop in the Cu (vipkatd in the Sn (green) profiles is
measured in the last nanoparticle on the right-ugmet of the line-scan. This
evidence is consistent with the presence of Zn®pemicles, segregating apart as a
result of the large zinc excess in the startingrgr. The sampling across the TEM
specimen confirms that most nanoparticles are C&Zik® a rounded shape, whereas

53



Monodisperse CZTS processed by colloidal method synthesis

the minority ZnS nanoparticles are of smaller sanel/or characterized by different
and irregular shapes (i.e., triangular or trapeggolisms). It is worth noting that the
presence of ZnS in CZTS samples is often reportdtie literature and seems not to
be detrimental to the device performance. Furttrectiral information was provided

by XRD and Raman spectroscopy [109].
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Figure 31. a) XRD pattern (left) and b) Raman profile (right) of nanoparticles deposited on silicon
wafer and soda lime glass respectively.

The XRD pattern in Figure 31a shows two phasegmdenal kesterite (CZTS-T) and
hexagonal wurtzite (CZTS-H). The highly disordetezkagonal phase has been first
reported in [109] and frequently considered aftedsaor understanding the process
of nucleation and growth of CZTS nanoparticles [L10he XRD pattern was
analyzed by the Rietveld method using TOPAS 4 [La$kuming two independent
phases, as stated before. The tetragonal phasenadalled with the kesterite space
group (I-4) leading to cell parameters compatiblghwa pseudo-cubic structure
(@a=0.5427 nm and c=1.0854 nm; c/2a=1), whereaseth@ting average crystalline
domain size was ~20nm, compatible with microscapy BLS results. A quantitative
phase analysis revealed about 25% of hexagonalkepliass worth noting that to
accurately fit the data a high microstrain levedoj2was required for modelling the
hexagonal phase. The inset in Figure 31(a) showvsgletails of the XRD data analysis
for the principal peak of the tetragonal (112) &edagonal (001) phases. The Raman
spectroscopy pattern shown in Figure 31(b) clemigntifies the CZTS phase (338;
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293, 335, 372 cif) with a small amount of ZnS (352 &n There is no positive
evidence of the presence of CTS ternary compouwaittgugh small amounts cannot

be totally ruled out based on the observed dathatygiarge peak broadening).

Optical properties were investigated by spectropimetric measurements in the 250-
2500 nm wavelength range. Transmittance (T) andeBR@hce (R) spectra were

collected to measure the absorption coefficiehtfcording to the expression:

dieery
=7 "a-r?
where d is the film thickness, evaluated from SEbks-sections of the specimen.

To avoid any subjectivity in the band gap energg)(Evaluation from graphical
method (Tauc plot in Figure 32b and c), Eg candiemated with the parameter E04,
i.e., the energy value at=10" cm'[86, 99, 112] (see Figure 32a). In this way, the
energy gap was found to be 1.6 — 1.65 eV, whiafitisin the range, 1.48 — 1.65 eV of
the Eg values reported in the literature [24], [10D13, 114]. As expected, no band

gap widening effect due to quantum confinemenbiseoved.
The widening effectA\E=E4E4) can be estimated using the approximated expressio
h2

Eg—Eg = 8m,, R2
where R is the nanoparticle radius and, ns the reduced mass of electron and
hole[m,;, = m,m;/(m, + my)]. Using m=0.186 ny and m=0.48 my [115] (where
Mg is the free electron mass), the quantum confineémeiéact on the band gap energy
expected in our sample (with R 10 nm) is found @onlegligible AE = 7 meV). It is
worth to notice that the ZnS phase, with an eneggy wider than that of CZTS,

would not give any contribution to the measuredghison spectra.
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Figure 32. Transmittance, absorption spectra (a) Tauc plat emrresponding SEM cross section
analyzed at ENEA (b) and Tauc plot, transmittanaesorption spectra measurements at UNITN (c) of
a typical nanoparticle film deposited at UNITN Ipirscoating on soda lime glass.

4.4 Discussion

As suggested by Tan et al. 2014 [116], the forrmatb CZTS nanopatrticles can be
considered as a three-step process: (i) formafid@ug,S; (i) diffusion of Sn cations
leading to the CTS ternary compound, and (iii) wifbn of Zn cations to form the
final CZTS phase. Exploiting the copper stoichiompeatefect with an excess of Zn
prevents the formation of CuS and CTS, the mosesinable phases in these systems
and also in our samples favors the formation of /i8], confirmed by Raman and
STEM-EDXS analysis, in a such low amount to be igdge in the modelling of
XRD data. At this regard, tetragonal (pseudo-cubimm) hexagonal CZTS phases are
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shown by XRD spectra and SAED analysis. The evidemcthe actual distribution of
the two phases comes from the high level of micagstrevealed by the XRD
analysis, which may originate from the presenceamfinterface between the two
polymorphs. Indeed, it is known that the strongeation between the two structures
can induce a phase transformation (from hexagan&kttagonal and vice-versa) by
atomic layer faulting [117]. The mechanism is sanito the well-known fcc-hcp
phase transformation, where the [Xd1dnd [001}, directions are equivalent [117].
As a consequence of the self-assembling tendencpaabparticles in the most
favorable hexagonal-like crystallographic orierdati SAED would not be sufficient
to identify the two polymorphs: as a matter of faot the diffractogram of Figure
29(b), the d-spacings of the some diffraction spdtdhe (tetragonal) [221] zone axis
closely match those of the (hexagonal) [0001] zaxie (e.g., T(02-4)/H(-120), T(20-
4)/H(110), T(-220)/H(2-10)). Moreover, it is releuao point out that HRTEM images
of particles, slightly misoriented with respect ttte electron beam, enlighten the

presence of defective areas (see Figure 33).

Figure 33. HRTEM images showing structural defects.

According to the layer faulting mechanism, botlustures may coexist within a single
nanoparticle. Several hypotheses can be made andikt&ribution, and the simplest
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one is a core-shell structure: hexagonal core a@imdgonal shell. This last is supported
by (i) HAADF-STEM images and (ii) stability of tHeexagonal phase in the synthesis
conditions [118]. The slightly brighter contrasttile HAADF-STEM images of the
nanoparticles’ core identifies this last as a higthensity region, compatible with a
CZTS hexagonal core surrounded by a lower densitagonal shell. Although the
opposite configuration (tetragonal core and hexabahell) cannot be completely
ruled out, it is unlikely. In fact, in order to fify our results of the quantitative phase
analysis by Rietveld refinement, hexagonal shétktiess should be 0.7 nm instead of
3 nm, which is the realistic value determined dofftHRTEM and by HAADF-STEM

observations.

45 Conclusions

High quality CZTS nanoparticles were produced imngiscale, minimizing the
amount of organic solvents and using cost effectsmmple, and widely available
starting materials as metal chlorides. The proceduieasily scalable and extendable
for technological applications. The final produst inade of equiaxial core-shell
nanoparticles, having CZTS hexagonal core and CZdigagonal shell, with a
monodisperse and narrow size distribution. Measgttal properties confirm the
expected semiconducting behavior, a promising tdsulpossible applications in the

thin-film photovoltaic devices.
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Part B: shows unpublished data

4.6 Composition control of CZTS nanoparticles

Cu:ZnSn:S
2:1.34:1.08:4
nominal composition

Zinc route /

K1 < Klb
OLA route

\ 4

K2 K2b

Sulfur route 2

K3 > K3b
v Sulfur route 1

Figure 34.Scheme of the routes for the CZTS composition cbntr

4.7 Introduction

As mentioned previously, the use of the metal ot certainly lowers costs, but
makes control of composition, size and final shapeCZTS nanoparticles more
difficult. Stoichiometry is fundamental for the ddepment of films with high

efficiency. In order to achieve a control of theegfical composition, three different
synthesis routes were carried out and samples @airfferent amount of Zn, S and
solvents were investigated. The following nominamposition was taken as a
reference point for this study: Cu:Zn:Sn=2:1.3481.00 avoid Zn-poor compositions
of CZTS, the conventional approach is to use areex®f the zinc precursor to
compensate for its loss during the synthesis. B®,fitst step was to increase the
starting zinc amount (mmol) with respect the desirmminal composition (Zinc

route). Moreover, we studied the effect of the @ase of sulfur in the synthesis of
CZTS (S1 and S2 route). The third route (OLA row@a)sisted in varying the amount
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of OLA used as solvent and capping agent. Oncedgwred stoichiometry was
obtained, the sulfurization process and the therammlealing have been examined
(next chapter). All the experimental details aremswarized in Table 4 and 5,
described in the following experimental part.

4.8 Experimental details

The chemicals used for these activities were thmesaised in. The CZTS
nanoparticles were synthesized by hot-injectionhat as described above (4.2 Part
A). The details of the starting elemental composti are presented in Table 4. The
inks were deposited on glass using the spin-coatiathod. X-ray florescence (XRF)
spectroscopic studies were carried out to deterthi@eelemental composition using a

Thermo-Arl X’tra high-energy powder diffractometer.

Table 4. Details of the starting elemental composition &S

Starting mmol values

Route | Sample ID Cu Zn Sn S S/(Cu+Zn+Sn) OLA (mL)
Zn K1 2 2.68 1.08 4 0.69 20

K2 2 3.11 1.08 4 0.65 20

K3 2 4.02 1.08 4 0.56 20

S1 K3 2 4.02 1.08 4 0.56 20

K3b 2 4.02 1.08 6 0.85 20

S2 K2 2 3.11 1.08 4 0.65 20

K2b 2 3.11 1.08| 5.6 0.90 20

OLA K1 2 2.68 1.08 4 0.69 20
K1b 2 2.68 1.08 4 0.69 6.6

4.9 Results and discussion

The resulting compositions of the CZTS (Cu:Zn:Si23:34:1.08:4) films, as
measured by XRF, are shown in the Table 5.
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Table 5. Starting elemental composition and % of Zn losdATS nanopatrticles deposited on glass (determisedy XRF).

Starting
nominal composition (mmol) Elemental composition CZTS films (mmol)

Route | Sample| Cu | Zn Sn S | S/(Cu+Zn+Sn)| OLA| Zn Sn % Zn %Zn loss

ID (mL) | XRF | XRF | Zn(XRF)/Zn(start) | Zn(start.)/Zn(XRF)
*100 *100

Zn K1 2 2.68| 1.08 4 0.69 20 0.94 1.14 35 65

K2 2 3.11| 1.08 4 0.65 20 0.8 1.16 29 71

K3 2 | 402| 108 4 0.56 200 097 111 24 76

S1 K3 2 | 402| 108 4 0.56 200 097 111 24 76

K3b 2 | 402| 108, 6 0.85 20, 328 1.18 81 19

S2 K2 2 | 311| 108 4 0.65 200 089 1.16 29 71

K2b 2 3.11| 1.08| 5.6 0.90 20 1.78 111 57 43

OLA K1 2 2.68| 1.08 4 0.69 20 0.94 1.14 35 65

K1lb 2 2.68| 1.08 4 0.69 6.6 243 1.10 91 9
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First of all, CZTS nanoparticles were synthesizadreasing the amount of zinc and
keeping fixed the other parameters, here calledokaKil, K2 and K3. Starting from
the right of Table 5, the second column shows tine amount (mmoles) of each
CZTS thin film, measured by XRF. Even increasing &mount of zinc chloride, the
composition of the nanoparticles did not approdeit tesired. On the contrary, the
quantity of zinc lost is more or less the samedibrthree compositions (Table 5).
Samples K3 and K2 were also studied in order tduet@ the effect of varying sulfur
amount during hot injection. In both S1 and S2 esuthe loss of zinc was reduced
with respect the first approach. In particular shenple K2b shows a composition very
close to the desired one. Moreover, the final cositpm of the CZTS nanoparticles of
sample K1, prepared by lowering the amount of aleyhe (OLA route), was closest

to the desired composition, showing a negligibiezoss (Table 5 and Figure 35).
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Figure 35. XRF results of the samples at different routes of starting changes.

This study has demonstrated that the first apprdaaded on the excess of zinc, does
not lead to the desired elemental ratio. Zn-poonmasitions were achieved also by
increasing two or three times the amount of thdistazinc, with respect to the: after
a certain amount, the zinc excess does not cornepiay in the formation of CZTS
nano-crystals. Instead, a more effective controltlo®m loss of zinc is reached by
increasing the sulfur powder amount. It is possiblebtain a composition very close
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to that of reference (Cu:Zn:Sn:S=2:1.34:1.08:4chgnging zinc and sulfur amounts
together, as in sample K2b. However, the most itaporole in zinc loss is played by
oleylamine: decreasing its amount increases the antent in the final composition
of CZTS. In fact, OLA can act not only as solveénit also as chelating/capping agent
of the metallic ions. In this regard, OLA is effiwetin controlling the zinc availability
during the CZTS formation reactions, hindering #iec interaction with the CTS
ternary compound (copper, tin and sulfur). In casdn Figure 36 clearly shows a
strategy for controlling the final composition, nelgn the loss of zinc varies in

function of the initial sulfur/metal ion ratio.
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Figure 36.Plot of chemical composition ratios: starting Zreomeasured Zn vs S/(Cu+Zn+Sn) starting
ratio.
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Chapter 5

Effect of the annealing time on CZTS thin films

In this chapter the effects of annealing conditjaimee and gas atmosphere on the
structure, morphology and photovoltaic propertigsGZTS thin films has been
described. Previous works on this subject sugdesdtheat treatment, under vacuum
and/or a nitrogen atmosphere, facilitates grainvgnoand improves the electronic
properties of the absorber layer. Furthermore, stiurization, e.g. annealing in
sulfur, has been demonstrated to be advantagesus,sanon-toxic, compared to a
treatment with selenium. CZTS nano-crystals withspecific Cu-poor/Zn-rich
composition were synthesized through a hot injectizethod and the derived inks
were annealed in a quartz tube furnace. Their gyedvth, morphology and optical
properties have been studied by a) varying the amgetime at 560 °C and b)

carrying out a second annealing in sulfur vapor.

Part of this chapter was presented at the EMRS Spng meeting 2015. Lille —

France. Publication in progress.

“Influence of annealing process on to morphologicabnd optical properties of
CZTS thin films”.

R. D'Angeld’, F. Girardf, C. L. Azanza Ricardg R. Di Maggid and P. Scardi

&University of Trento, DICAM, Via Mesiano 77, 3817tento, Italy.
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5.1 Abstract

CZTS non-stoichiometric thin films [GHdNny 3:Sn 0854 have been successfully
deposited on glass substrates by an effective@matdst simple spin-coating method
for solar cells applications. Mono-disperse CZT®aparticles, produced in grams
scale using hot-injection method, have been suggkmdtoluene forming an ink and
used as starting material of thin films. These lasierwent annealing treatments in
order to form a continuous and effective layer &@TGS, suitable for measuring their
optical properties. The present work shows howdifierent conditions of process
correlate with the micro-structural and opticalgedies of the films. They underwent
two consecutive annealing steps at 560 °C of diffeduration and with or without
sulfur vapors during the second step. All thesaupaters affected not only roughness
and porosity, but also stability of phases (SnS Aam8 were identified in some cases
beside CZTS) and as a consequence a final optiopegies. Actually, some studies
claimed that spurious phases, such as SnS andcandimit the energy conversion

efficiency of CZTS when used as absorber matarial thin photovoltaic device.

5.2 Introduction

Although thermal treatments and sulfurization aoesidered the best methods for
growing CZTS absorbers films [36], [54] it is nanamon to find exhaustive studies
correlating their properties with annealing andfalfurization process. In the previous
chapter, it was described how synthesis can lead toontrol of the chemical
composition. Among all the prepared materials stadying the effect of annealing we
chose those having the composition closest to iI@ZAIS (K2b). The present part
describes how annealing time and sulfur vapor affee structural and micro-
structural features of the samples of CZTS, chargeld by means of X-ray
diffraction (XRD), FT-Micro-Raman spectroscopy, SEMnicrographs and

spectrophotometric measurements.

5.3 Experimental details

The synthesis of CZTS (having the following elena¢matio Cu:Zn:Sn=2:3.11:1.08)

nanoparticles was carried out by hot injection pssing as shown in the previous
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chapter [3]. The particles were suspended in t@derming ink, which was deposited
on glass platelets by spin coating method. Theduasitoluene was removed in an
oven at 150 °C for 5 min [3]. The films underwentot consecutive thermal
treatments: TT1, under nitrogen atmosphere, andwiit2 sulfur vapor. The first was
from room temperature up to 520 °C at 20 °C/mientlip to 560 °C at 10 °C/min
with an isothermal step of variable length. Theoselcthermal treatment differs from
the first, because 20 mg sulfur powder was sprthldeound the sample in order to
generate sulfur vapors under Ar atmosphere. Thatidar of each isothermal step is
indicated in Table 6

Table 6. Summary of the samples and heat treatments ushsistudy.

Isotherm at 560 °C
Series | Sample TT1 (min) TT2(min)
without S with S
-0 20 | -
I 1-120 20 120
[-180 20 180
Il [I-0 120
11-20 120 20
[1-120 120 120
[11-0 180 -—--
[1-20 180 20
. 111-40 180 40
[11-60 180 60
[11-80 180 80
111-180 180 180

Three sets of samples were studied, each of themsh@wn in Table 6, underwent an
isothermal step of increasing duration at 560 °GthWW each series, the time of the
isothermal step was held constant at 560 °C of BIt,increasing the isotherm of
TT2 from 0 to 180 minutes.
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5.4 Characterization of CZTS thin films

Raman spectra were collected on a LabRAM Aramigamah microRaman system in
backscattering configuration at 532 nm using a tspeeter with a grating of 1800
grooves/mm coupled to an air cooled 1024*256 VISDCCThe X-ray diffraction

(XRD) patterns were recorded on powder samplesgusiata-2theta incidence by a
diffracted-beam graphite analyzer with a fix&x=0.25°. Diffraction data were
collected on a PANalytical X’Pert MRD diffractometeperated with a cobalt source
(45kVv, 30mA) and equipped with a polycapillary pam optics. A Jeol JMS 7401F
Field-Emission SEM equipped with a Bruker EDX dé&teovas employed for the
compositional/morphological characterization. TheptiGal properties were

investigated by transmittance and reflectance nmreasents in the 250-2500 nm
wavelength range, using a Perkin Elmer Lambda 7frtsophotometer equipped

with an integrating sphere.
5.5 Results (and discussion)

551 Micro-Raman Analysis

Raman spectrum (Figure 37) of the sample I-0 (Sdjishows a major peak at 329
cm* [92], [119, 120]. Other minor phases such as 81§, CuSnS and CuSnSyare
present. This indicated that a single short anngals not sufficient to convert
precursors into CZTS alone. The presence of copplides (CuS, 1<x<2) is not
clearly visible because, varying x, the main pelaiktss from 260 to 270 cih, where
the signals of many phases can overlap. ZnS and &aSthe most important
secondary phases, their presence suggests the uahityqof the synthesis of
nanoparticles, but their presence is difficult emfirm because the position of peaks is
in a region crowded by peaks of other phases &n§. could be hidden by GBnS
[54]) and the intensity of the peaks is very loapecially when the intensity of CZTS
is high.
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Figure 37. Micro-Raman spectra of a sample of series 1:TH& number indicates the main frequency
of the main peak of its Raman spectrum.

55.2 XRD Analysis

In order to understand in detail the effect ofdh@ealing time on the formation of one
or more secondary phases, XRD spectra of the fiker® recorded (shown in Figure
38 (a), (b) and (c)). All XRD patterns exhibit peaif kesterite (JCPDS 26-0575). The
major peak, located at 33.2°, implies a preferential orientation in the (112) plane; in
each XRD spectra all the diffraction peaks thatobglto CZTS are highlighted.
Within the Series I, the presence of the tin self{®&nS, ICDD card No 39-0354),
which had been hypothesized on the basis of theltsesf Raman spectroscopy
measurements, is confirmed. The peak at 37° (Fig8r€a)) is characteristic of that
phase and decreases with increasing the duratidimeosotherm (TT2). Similarly in
Series Il (Figure 38 (b)) a second annealing witlius vapor favors the removal of
this secondary phase (11-20), but longer treatmgfitd20) again lead to SnS
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formation. The XRD spectra of the series Il showigher content of SnS than in the
previous ones. The peak at 37° disappears completdy in sample 111-180. The

other sulphide phase (ZnS) revealed by Raman cdmndirectly identified, because
its diffraction pattern is covered by that of CZTdbie to the similarity to zinc blend
crystal [121].

In conclusion, the presence of pure single phas&€SC@an be hypothesized only in
samples 1-180, 1I-20, [11-180, which do not exhilpeaks attributable to secondary
phases. The presence of these last phases in sorealed samples implies that the

sulfurization was not effective in the given coratis of preparation.

(112)

—1-0
— 1-120
— 1-180

4 1=20 min Fixed

Intensity (a.u.)

20

Figure 38 (a).XRD patterns of the thin films (Series I) anneaddlifferent (TT2) times.
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Figure 38 (b). XRD patterns of the thin films (Series Il) anneatedlifferent (TT2) times.
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Figure 38 (c).XRD patterns of the thin films (Series Ill) anrekat different (TT2) times.
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According to this extensive study, the first animegplin argon atmosphere seems to
favor crystal growth but also the formation of pegsuch as tin sulfide: the longer the
treatment the greater the amount of secondary p{sese Figure 39). Instead, the
second treatment (sulfurization) does not entaiadditional grain growth, but helps
tin sulfide conversion into CZTS. As a consequente® length of the second

annealing has to be adapted to the amount of sacpmthase formed after the first

treatment
12000 (112) - 12000
—1-120 deposited on Glass I
10000 4 SnS — CZTS without TT deposited on Si L 10000
~ 8000+ 8000 —~
S =
S -
> >
G 6000 - 6000 G
c c
Q Q
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— 4000 H 4000
Si effect
20004 (101)) L 2000
) ORI AV oo
0 T T T T T T T 0
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Figure 39. XRD patterns show the recrystallization of thentfilms with and without TT. The red
pattern (CZTS without TT) shows broad diffractiosags, indicative of small crystalline domains. The
black pattern (1-120) shows narrow or sharp diffiiat peaks indicative of larger crystalline domains
suggesting that the TT leads grain growth.

5.5.3 Compositional and Morphological study

In order to evaluate the morphology of the lay¢erainnealing, the cross-section of
the samples was observed through SEM. Figure 4@/slsome SEM micrographs
taken on samples with a variable content of seagnulaase (1-120, 1I-20, 11-120). All
the films have a similar thickness of about ftb. The samples, characterized by the
presence of tin sulfide in the XRD patterns (I-1@0d 11-120), show a similar
morphology: some distorted grains and voids/portesha coating/glass interface,

especially in the sample 1-120 (at top left). Itshaot yet been fully understood
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whether the voids develop during the film growth or during the annealing. Comparing
the two samples from the series II, we see that the increase of the time of sulfurization
leads to a low compact film. This is in contrast with that found in literature [122].
Instead I1-20 sample appears more densely packed, although it seems detached from
substrate, probably owing to the cutting step in the preparation of the cross-section.
The higher apparent density of the CZTS nanoparticles in this sample could be
correlated to the lower amount, or even the complete absence, of secondary phases,

see XRD pattern (Figure 38 (b)).

11-20 (TT1 120 min + TT2 20)

11-120 (TT1 120 min + TT2 120)

-
X 30,000 10.0kV SEI

Figure 40. SEM micrographs of the cross-sections of some films. Operating conditions for the imaging
(voltage and working distance WD) are reported in the micrographs, along with the labels and the times
of annealing of the samples.

The elemental composition ratios of annealed filveye determined by XRF and
listed in Table 7. The first row shows the ideatiom between the cations
corresponding to the formula Cu:Zn:Sn:S = 2:1.38H4. All the samples are Zn-rich
(Zn/Sn > 1) and slightly Cu-poor, with sample ll61R2aving Cu/(Zn + Sn)>1.
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It was found that the higher Cu/(Zn+Sn) ratio therenporous the film [123].This is
also confirmed by our analysis of the samples [;12Q0 and 1I-120 (Figure 40).
Accordingly, sample 1I-20 shows the best morpholagySEM micrograph, e.g. a
compact layer without voids, and an elemental caitiom closest to that of nominal.

Table 7. Annealing conditions (all in flowing Ar backgroundas) and bulk

compositions measured by XRF on the samples unsgeugsion in this chapter.

Series Sample name Cu/Zn Cu/Sn Zn/Sn Cu/(Zn+Sn)
0.75 093 124 0.83
CZTS thin film Without annealing 056 1.00 1.79 0.72
[-0 0.61 112 1.86 0.79
' -120 078 1.29 158 0.97
[-180 0.83 136 164 1.03
I [1-0 055 117 212 0.75
[1-20 0.77 101 131 0.87
11-120 0.86 3.16 3.69 1.35
[11-0 057 122 215 0.77
[11-20 0.64 158 248 0.91
! [11-40 0.60 1.33 2.20 0.83
[11-60 0.63 1.38 219 0.86
[11-80 0.61 131 216 0.83
111-180 0.76 085 111 0.80
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554  Optical Properties

The optical properties of all the samples were yaeml by spectrophotometric
measurements in the 250-2500 nm wavelength rartge nfethod for calculating the
energy gap through a Tauc-plot was described ipteh& (section 4.3 Results, pages
56) [124]. The band gap values were calculatedguia following equation:

ahv=A(hv-Eg)"?

where o is the absorption coefficient related to the iead photon energy, h is
Planck's constanty is the frequency, Eis the band gap, A is a proportionality
constant and n conveys the nature of the radiataresition: in our case it is equal to 1
for direct band gap material. For all films, théueaused for the absorption coefficient

in the visible range was >iem™.

The values of band gap (Eg) of CZTS thin films westimated from the absorption

spectra and listed in Table 8. In the Table are mldicated the eventual presence of
tin sulfide, the heat treatments employed for esample and the thickness. The
Figure 41 (a), (b) and (c), represent the Taucspdbithe annealed samples: the band-

gap is obtained from the extrapolation of the linpart of the plot ¢hv)? vs. hy at

(ahv)? equals zero.

Table 8. Values of E04 (energy at whiate10'cm?), SnS presence, and maximum

transmittance measurement for all CZTS film Series.

Sample TT1(min) TT2(min) SnS T% Thickness EO04

Series name without S with S (max) (d, um) ev)
I-0 20 - Found 45.38 1.55 1.507
[-120 20 120 Found 54.01 1.60 1.540
1-180 20 180 Not F. 46.30 1.00 1.380
Il I1-0 120 Found 65.70 1.00 1.480
[1-20 120 20 Not F. 47.60 1.67 1.445
[1-120 120 120 Found 42.04 1.10 1.459
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Sample TT1 (min)  TT2 (min) SnS T% Thickness EO04

Series  name  ous WS (max)  (d, um) V)
-0 180 ---- Found 35.78 1.00 1.404
111-20 180 20 Found 54.87 1.26 1.530
Il 111-40 180 40 Found 54.30 1.28 1.471
111-60 180 60 Found 52.75 1.22 1.464
111-80 180 80 Found 47.40 1.22 1.402
[11-180 180 180 Not F. 27.58 1.17 1.372

Figure 41 shows the Tauc plots for all the CZT$Sh thiim annealed with different
conditions. Comparing the band gap values withcthreesponding Tauc plots, it can
be seen that the lowest gap values (1-180, II-R020, I1I-0, 111-40, 111-60, 111-80, III-
180) correspond to the highest optical absorptairenergies lower than the gap itself,
in a region in which the samples should be tramsgaiThis anomalous absorption is
due to the poor quality of material; in particutae exponential and irregular tail of
the absorption curve (Figure 41 (c)) is associatg@th a high conductivity, which
depends on high defects concentration and/or tlesepce of secondary phases.
Taking into account this, the analysis of Tauc pkiggests short annealing processes,
e.g. within the series | the longer the sulfurizattime (from 0 to 180 min) the shorter
the band gap (from 1.530 to 1.372 eV), rather thdmgher optical absorption below
the gap. The increase of isothermal segment infitee annealing (I-0, 11-0, 111-0)
seems to affect less the optical absorption behawnd the relative shift of Tauc plot
(Figure 42). The worst samples were those of seéligbut 111-180, which may be
partly explained by the presence of SnS shown battalyses of XRD spectra. In the
case of I1I-180 the trend of Tauc plot (and thedstwalue of band gap) may be due to
a high concentration of defects or to spurious ebasuch as the €snS that was

identified in the sample I-0 by Raman spectroscopy,visible in the XRD spectra.
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Figure 41 (a) Evolution of the CZTS Series I. Band gap faeél (20 min) TT1 and different TT2 time.
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Figure 41 (b) Evolution of the CZTS Series Il. Band gap for fix€0 min) TT1 and different TT2
time.
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Figure 41 (c)Evolution of the CZTS Series Ill. Band gap for fixé20 min) TT1 and different TT2
time.
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Figure 42 Evaluation Band gap (eV) of CZTS Series |, Il Without TT2
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Previous works explained the Eg variation with phesence of secondary phases and
in particular Sn-rich spurious phases. SnS (Eg.®feV [85]) would give rise to a Eg
decrease, however, in these samples there is miteet correlation between the
presence of SnS (XRD spectra) and the value of bapd

5.6 Conclusions

The first annealing process (without vapor of Syses a grain growth, but the
analyses by Raman spectroscopy and X-ray Diffradgtientified also the presence of
spurious phases, such as SnS, the only secondase @asily identifiable in XRD
spectra. Sulfurization reduces the amount of tifida Increasing the duration of the
first annealing also increases SnS. This seconghase can contribute to CZTS
formation during the second annealing of propention. A very long isothermal step
for both the first and the second treatment (e18Q) leads to the disappearance of
SnS phase, but also to both the formation of defaad/or other spurious phases,

which cause a lowering of the band gap.
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Chapter 6

Conclusion and future outlook

The present research project was focused on symthad characterization of non-
stoichiometric CpZnSnS (CZTS) absorber layers obtained by non-vacuum tjrow
processes. The main goals of this work were aytidathe use of toxic, expensive,

rare or explosive reagents; b) the use of reprdiiei@ind scalable procedures.

Two different processes were investigated: the éipproach, described in Chapter 11,
was based on the synthesis of CZTS layers stafftiogn metal salts—thiourea
precursor solutions i); the second one, reporte@hapter IV-V, was focused on the
hot injection method that consists in the injectidra sulfur source into a hot solution

of metal precursors and surfactant ii).

In the first part of the thesis, several methiourea complexes were prepared
changing the organic solvents used to preparet#ingng solutions of metal salts and
thiourea. In general, the mixing of these two dohg leads the formation of complex
sulfides: a comprehensive characterization (by YKetfraction, EDXS analysis and
Raman spectroscopy measurements) led to conclugiah the synthesis in
methanol/ethylene glycol gives pure kesterite withgpurious phases. This study has
demonstrated that Zn-rich/Cu-poor CZTS layers carolbtained without vacuum or
sulfurization steps. Additional investigations weperformed to understand the
reactions sequence leading to the formation of GZa&d a feasible reaction
mechanism, that involves the coordination of thetalmeons by thiourea and the

intermediate formation of thiols, was proposed.
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In conclusion, with a careful control of the reaaticonditions, it is possible to

develop a green route for the production of CZTSodter layers.

The second and parallel activity was based on yim¢hssis of high-quality CZTS

nano-crystals via the thermolysis of low-cost preots: monodisperse nano-crystals
were obtained by the thermal decomposition of mekdbrides into a hot organic

surfactant (oleylamine) with a dissolved sulfur m@u The extensive investigation,
presented in chapter IV determined that the fimaldpct is made of equiaxial core-
shell nanoparticles, having a hexagonal core atetragonal shell, with a narrow size
distribution. The main objectives have been reachetbed the developed procedure

is cheaply, easily scalable and extendable to tdolical applications.

Part of chapter IV was also devoted to the composit control of the CZTS
nanoparticles. The main problem of this growth psescis the loss of zinc due to the
different stability of the zinc complex with respeéo those of copper and tin: while
the formation of the complexes and of the quatgrohalcogenide takes place, a large
amount of zinc cations is not active leading toghaduction of a material poor in this
element. This work has demonstrated that the cteroammposition of the obtained
CZTS nano-crystals can be tuned by changing soawioa conditions, in particular
the amount of sulfur source and surfactant usedrefare, the balancing of the metal
precursors, the sulfur source and the surfactamtidee the key for the production of

guaternary chalcogenides with highly predictableposition.

In the typical process, the resulting powders aspeatsed in toluene to form inks that
are later deposited by spin coating technique; db&ined films are subjected to
thermal treatments at high temperature. In Chaptéwo different types of treatments
were studied in order to study the effect of thestjteposition annealing on the
morphology and the optical properties of CZTS filfike investigation performed on
annealed CZTS thin films has shown that: a) anngakithout sulfur powder gives
grain growth, but also the formation of secondargges such as tin sulfide; b) SnS is
converted back to CZTS during the sulfurizationgass; c¢) long isothermal segments,
longer than 120 minutes, seem to favor the formatibdefects, or of other spurious
phases in the CZTS. This involves a lowering oflthed gap, i.e. the best Tauc-Plot

was obtained after a first isotherm of 20 min fol by a second one of 120 min.
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Conclusion and future outlook

Additional investigations are necessary to clagfympletely the effect of the heat

treatment conditions on the absorber thin layer.

This study showed that the spin-coating methoddcbave some limitations even if it
is often preferred in the laboratory practice fepnoducibility and cost effectiveness.
In particular, the SEM investigation highlightechan-homogeneous distribution on
the surface, which might partly be ascribed to thlisposition method. The
macroscopic defects, such as cracks due to thecspimg, together with the
secondary phases could become factors limitingudeeof CZTS inks in the overall
deposition of PV devices. Moreover the spin-coaimgeither high-throughput nor

scalable, and has the fatal drawback of wastingoal gleal of material.

For these reasons the future step will be to tkstnative deposition methods, e.g.
spray coating and ink-jet printing that are abl@ésform large-area depositions and a

direct scaling-up to industrial production.
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