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Abstract

CwZnSng (CZTSyuaternary compound has attramiell attention in the last
years as new abundant, low cost atakitomaterial, with desirable properties for
thin film photovaitéPVapplications.

In this work, CZTS thin films were grown using two different processes, based
on vacuum depositidnpoecursors, followed by a heat treatment in sulphur
atmosphereThe precursors were deposited using two different approaches: (i)
electrofbeam evaporation of multiple stacks made of ZnS, Sn and Gu and (i) co
sputtering deposition of the three biiphigessiCuS, SnS and ZnS.

All the materials were characterized both as isolated films and as absorber
layer in solar cells, produced using the typical structure Mo/CZTS/CdS/i:Zno/AZO.

Both growth processes were found to give good quality kesterite films,
showing CZTS as the main phase, large grains and suitable properties for PV
application, but higher homogeneity and stoichiometry control were achieved using
the cesputtering route.

A detailed investigation on Q¥fiSal properties, microstructuresimtr
defect density and their correlation with the material cisnpesgoted. A
strong effect of the tin content on the bandgap engdy, absorption
coefficient, crystalline domain and grain size is shown and a model based on the
increase dhe intrinsic defect density induced by a reduced tin content is proposed.
These studies suggested a correlation between the increase of the bandgap energy
and the improvement of the material quality, which was also confirmed by the
performances of timalfidevices.

CZTS thin films were then assembled into the solar cells and their properties
as absorber layer were optimized by varying both composition and thickness.

CZTS samples produced from stacked evaporated precursors allowed
achieving a maximuficieincy of 3.2%, but reproducibility limits of the evaporation
process made difficult to obtain further and rapid efficiency improvements.

The cesputtering route was demonstrated to be a more successful strategy,
assuring a firm@ntrol of the film cosiian with good process reproducibility. A
fast improvement of solar cell efficiency was obtained using this approach and a
maximunrefficiency of 5.7% was achieved. The relationship between the absorber
layer stoichiometry and the device performaringestigated: the effect of the
Zn enrichment and a possible influence of the Cu/Sn ratio on the device
performances are discussed.

Investigation on CZTS/CdS and CZtSféofaces revealed that the
optimization of both budfger and baclkontact témology is a primary need for
further improvement of CZTS solar cells.
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Chapter |

Introduction

1.1 Advantages of thin film solar cells and limits of the
actual technologies

CwZnSng quaternary compound has attracted much attention in the last years
beingan earthabundant, low cost andtogit material, with desirable properties
for thin film photovoltaic (PV) applications.
Thin film solar cells (TEBbelong to thecaledsecondjeneratioRV, in which
the active butRaterial, used as absorber layer in the stinstieddratiorPV
technology, is replaced by dilthinwith typical thickness of micron.
The huge reduction of the activeriaharequirement respect to the standard
technology allows a large decrease of the device costs. Moreover, the large
versatility in the device design and fabritagion the wide choice of different
substrates (rigid, flexible) and depositioruésdbnitdpe different device layers
allow engineering and optimizing the solar cell stack in order to enhance the device
performance23. Thin film PV has been therefore recognised as a promising
strategy to obtain high efficiency and low cost devices, thus fulfilling the actual
requirements for the increasing electrical demand.
TFSCs based on chalcogenide, such as Cu(In,&5@(SSend CdTe, have
shown significant improvement of the device efficiency in the last 30 years and
have currently reached mass production. In 2014, small area CIGS solar cells have
reached an eféocy of 20.9#69 (close to the record efficiency afrpsthlline
Si solar cells (25%1) and largarea modules with efficiency of akbitil&re
currently produced on industrial scale. Even CdTe solar celtsdveitficeerexy

13



of 19.1% for research cell adddl6or total area mofiLed), have already an

annual industrial production larger than 1.5 GW. Despite the large development of
the actual chalcogeridsed PV, tee technologies suffer from using toxic (Cd)

and rare elements, such as In, Ga and Te, whose critical supply could be one of the
main limits for the sustainability of these technologies in the yga@sltd8come

24.

The development of new abundant, environmental friendly and low cost materials as
possible alternative to CIGS alloys is a challenge to fulfil thesredu®ément
massive production on terawatt scale foresee@04@RBAY 2].

1.2 Cu,ZnSnS(Se), compounds as alternative to CIGS
alloys

In the last two decades, many efforts have been addressed to the development of a
new class of quaternary compounds as possible candidates to replace CIGS in thin
film solar cells. These materials can be tHoaght alerivation of CIGS

chal copyrite structusehstbiyt uat ipornodc,e scso nksr
replacement of one element (In or Ga in the present case) with a couple of two
elements of different groups of the periodic table, kedpéngfizdzbtween the

number of atoms and valence electrons. The resulting materials are therefore
quaternary compound given by the chemical forhiW/ICwhere VI is a

chalcogen element (S or Se) while Il and IV represent divalent (Zd Cd, Fe) a
tetravalent (Sn, Ge, Si) elements, respectively.

Among the possible »AEOV-VE compounds, kesterites 2Z88n(S,Se)

(CZTS(Se)) are the most studied and the rapid improvement of photovoltaic
performances obtained in the recent years makes thiat® ewate much

attractive.

Kesterites are very promising materials, being composed by loly cost, wide
available and non toxic elements (although selenium is sometimes added to the
alloy) and showing desirable properties for thin film photovatiaits.applic
CZT(S,Se) are spontaneodsfyepsemiconductors, with a direct band gap energy
between 1 eV (for the pure selenidaSDisealloy) and 1.5 eV (for the pure

sulphide GAnSnY, close to the optimal value to match the solar spectrum (in the
limt of radiative recombination only, the theoretical conversion efficiency predicted
by Schokley and Queisser for such semiconductors is as high as 30%). The direct
band gap gives a high absorption coefficient, making these materials suitable as thin
film pbtoactive layers, since a sensible absorption of the incoming light occurs
within about one micron.

14



Solar cells based on a mxéideselenide GAnSn&Serx absorber layer have

recently reached an efficiency of fliB8%vhile slightly lower efficiencies (with a

record of 9.2f#4) has been reported fofr8e CZTS compounds. Despite their

current lower performances, the uséreé TS is obviously preferable from an
environmental point of view as well as for the technical benefits related to its higher
Eg valugl39 97 and extensive research in the kesterite field is currently
addressed to the development of pure sulphide phase.

The present work focuses efinSmscompound and is devoted to clarify some
issues that can be important both for a better understanding of the material physical
properties and for its application as absorber layer in photovoltaic devices.

1.3 CZTS: history and research needs

First evidenad PV effect in CZTS heterojunctions was reported in 1988 by Ito and
Nakazawfd, using a GEnSngthin film deposited by atom beam sputtering.
Thereafter, many works have been devoted to the developmetariaf H#8s ma
absorbr layer and the extensive reseaech tb a rapid and continuous
improvement of CZTS solar cell performances. An efficiency of 6.7% was reported in
2008 by the Japanese group headed by Rdtagsing a GlnSngthin film

deposited by-sputtering technique. A rapid improvement was then demonstrated
in2011thelBM groufi39 reportec 8.4% efficiency solar ¢edioed from-co
evaporated CZT%cuurdeposition based CZTS submodules (abou®5x5 cm
sized) with efficiency increasing fr¢s7 6a28.6%4143 have been reported by

Solar Frontier between 201 2012 and very recently an efficiency of 9.2% has
been achiev§ty.

Despite this rapid improvement, performances of CZTS based solar cells remain still
far from their theoretical limit of abo{t4P%he most important limiting factor

has been identified with the low valueop&taicuit voltag¥'dg [116. Even

though an open circuit voltage of 711 rb¥ehasecently achieyddl3, Voc

values are usually reported to be about 0.65 V, thus showing aWatiye deficit
respect to the theoretical limit (Eg/q) of about 1.23 V predictbdded GAES
cels(BgCZTS) a 1.5 eV).

Several factors can be responsible for the low Voc of the actual CZTS devices,
depending both on the absorber layer quality, and on the device architecture.

CZTS phase stability and control of the intrinsic defects can betlkentified as
major challenges to be addressed to further increase the material quality.
Spurious phase segregation is a widely reported problem in the CZTS literature.

Indeed, the €ZnSSnS pseudoternary phase diagram predicts a narrow stability
15



region fo€EZTS phagé09 and even small deviatfoom stoichiometry can lead

to the formation of secondary phases, which can be detrimental for photovoltaic
performances. Copper compounds, suasa@n@CeSnSs, are known to be

the most harmfiB1, as their high conductivity can give rise to possible shunting
patts, with consequential reduction of the Voc.

Cupoor and Zmch composition would be dest@aigeevent the formation of
detrimental copgseriphide phases and this could likely explain why the best solar
cells have been historically obtained using such compositions. However, as a result
of the Zmich stoichiometry, a ZnS phase is often dmatentéu the best solar

cells. The effect of this phase on the device performances is still unclear, but its role
seems to be not harifrl

A more critical issue to improve the material quality akagbsatiee control of

intrinsic defects. The low Voc has been indeed attributed to-tiwdeepeitron
recombination phenomena, due to the activity of detrimental defects, which can be
located into the bfdlk 22 12Q as well as at the grain boundéfies

Theoretical works investigated the possible intrinsic defects, themeigynation

and the position of their energy levels inside the [b&r2R)dp]. However,

further efforts are required to experimentally clarify which defects are produced by
the oftoichiometry compositions anequilibrium conditions, typical of the

actual fabrication processes. A deep knowledge of defect natureptheir formati
mechanism, location and impact on CZ&®apboic properties is indeed a very
important issue to identify both the proper growth conditions and the optimal film
composition that allow suppressing harmful defect formation.

A clear understandingheke issues still rerman open problem: despite the

difficulty related to different growth methods and process conditions, the role of the
film composition on the material physical properties and on its intrinsic defect density
is still unclear andtparthe present work is devoted to investigate on this problem.

Beside the optimization of the absorber layer, improvement of solar cell architecture
and engineering is also required to further increase the device efficiency.

One of the advantagesimflarity between kesterite and chalcopyrite is that the
standard device structure adopted for CIGS can be directly extended to CZTS, by
simply replacing CIGS absorber layetyphGQ¥ TS thin films. A scheme of the

typical solar cell stack is repiorfégurel.

The back contact is made of molybdenum, deposited onto soda lime glass (SLG)
substrateAt the front interface, a Cd$pg@) buffer layer is deposittal the

CZTS (fype) absorber, thus formingn aeggtifying heterojunction, which allows
charge separation. The top contact (ref
deposition of a Transparent Conductive Oxide (TCO), usually made -of aluminum n
doped ZnO (AZO). A thin layer of intrinsic zinc oxide (i:ZnO) is often introduced

16



between CdS buffer and AZO layer to prevent possible shunting paths, even though
high efficiency devices have been obtained in the literature wiHo&atainO

cell stack is then usually completed with a metal contact grid>amd a MgF
reflection coating, used to enhance the charge antieztieduce the reflected

light loss, respectively.

metallic -grid
ﬁmﬁ: <— antireflectiervating
i:ZnO- AZC <4— windowayer
n-CdS <+— Duffedayer

<4— absorbelaver

Molybdenum < backcontact
Figurel: Typical structure of solar cells based on CZTS absorber layer.

When CZTS is used in substitution for CIGS absorber, the back and the front
interfaces can showoptimum behaviour, thus limiting the device performances.

Possible navhmic behaviour of the back contact has been suggested in the
literaturg16Q 50 14Q as a limiting factor for the device performances. This
behaviour has been imputed to the formation of a rectifying Schettkgdmrrier

the absorber and the Morfacial layer, which usually forms as a result of the
absorber fabrication process (which typically requires a heat treatment in sulphur
atmosphere). However, the role efidst8l unclear, as, if grown withrprope
electrical properties, its formation could be beneficial and even necessary to provide
a good ohmic contact between CZTS 4hg Nis it also happens in CIGS
device§l5§).

Another important issue for the development of CZTS technology concerns the
absorbebuffer layer interface. The typical material used as buffer layer is CdS,
being found to give the best performances devices both in CIGS and CZTS. Due to
its 2.4 e¥nergy gap, the use of CdS gives rise to a parasitic absorption in the blue
energy region (for wavelength lower than 500 nm). To minimize these undesired
absorption phenomena, ty@id8thicknesses reported in the literature are less

17



than 100 nm, buteatiative buffer layevith wider bawgeép energy than CdS

would be preferable.

A more critical isssethe bandlignmenibetween CdS a@XTS. Offptimum

band alignmemifflik at CZTS/CdS heterojunction has been widely reported in

the literatuf@Q 142 21] and it has been identified as a detrimental factor for the
device efficiency, because of the enhanced interfacial recombination phenomena
[16Q5Q 99. However, the values of the conduction and valence band offset are still
controversial and there are even works reporting on optimal barspikeatching (
likealignment) between CZTS ands53d®hich, on the contrary, would minimize
electro#hole pair recombination at the interface.

Many efforts are currently devoted to the engineering of alternative buffer layers, in
order to optimize the interface-ditsed and to reduce parasitic absorption
phenomena. @ee buffer layers are obviously desirable from an environmental
point of view, to avoid using a toxi@amBRrmmising results by usirgpeactfied

Znbased and-mased buffer layer have been recently reported in thi8terature
However, CdS has to date yielded the best device performances and it has been
also used in the present work as the standard buffer layer for device fabrication.

Part of our research on CZTS solar cells has hedrialawestigate on the role
of Mogon the back contact behaandrto clarify the controversthe band
alignment at tZTS/CdBont interface

1.4 Framework and aim of the work

The present thesis is in the frame of a wider project forardesuabdable

energy promoted by the ItaliaistiMiof Economic Developnieatt of the

funding has been devoted to-Ressarch Center for the development of
CwZnSngscompounds as innovative materials for photovoltaic applications, with the
objectie of achieving conversion efficiency of 5% in three years.

The research activity started in 2010 and has been carried out in Enea laboratories
in Rome, in collaboration with University of Trento and University of Rome.

At that time, the activities isrsttbject at Trento as well as at Rome were just at

the beginning and the achievement of the objective required different kinds of
activities, concerning both the material synthesis and the development of device
technology.

Part of the work has beentddvio the development of the facilities and to the
optimization of the techniques necessary for the growth of CZTS thin films, with the
aim of obtaining materials with sufficiently good properties for PV application. Beside
the work on material synthgsisllel activities have been devoted to the

18



development of all the technologies and deposition processes necessary for solar
cell fabrication.
The work has been organized by settinguliegfatiterim gaals

Material research area:

1) Developmesftexperimental processes to fabricate CZTS thin films with correct
phase, good crystallinity, uniform and controlled composition.

2) Insight into CZTS basic physical properties to investigate some important issues
of scientific interest, which carbalgoportant for therofation of material as

absorbr layer. The main points to explore are the CZTS optical properties,
microstructure, intrinsic defect density and their correlation with the material
composition.

Device research area:

3) Developet of the growth processes for the deposition of all the layers
necessary for solar cell fabrication. Each matedahthetclbuffer and window
layer) must show suitable properties for its application into the solar cell stack.

1.5 Strategy and achievement of the objectives

For a fast improvement of CZTS solar cells, two different activities have been
developed in the material research area, mainly differing for the growth methods
used for the synthesis of CZTS thin films.

At start of this work, wepared an experimentalipeb produce CZTS this film
bysulplurization of stacked layer precursors, containing all the metals (Zn, Cu and
Sn, or their sulphides) necessary for CZTS phase formation. Precursors have been
deposited by electbmam evapation and have been atettan a sulphur
atmosphere mtube overA smilar approach walseadybeen reported tine

literature and was demonstrated tgogigderesuslin terms of device efficiency.

One of the leader groups in the CZTS field,byeRdefd Katagiri, repoded

CZTS solar cells with &#r of efficiency for CZTS absorber layer grown from
stacked evaporated precursors, which were then anngal#dxja9gH Our

approach is slightly diffeeenelemental sulphur is used instef1 of H

This growth process allows us to quickly launch the research activity,-as an electron
beam evaporator and a-tem were available facilities in the ENEA laboratory.

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

as the main crystalline phase, large grain size, with suitable properties for PV
19



applications. Solar cells with efficiencies over 3% have been produced using this
approach.

However,raaccurate and fine control of the film composition was an issue. Despite
the film stoichiometry can be controlled by varying the metal proportions into the
starting precursors, the growth method, with the available facilities, revealed some
limits in tesnof sample homogeneity, control and reproducibility of the process,
thus makirgjfficult to obtain fast improvements of the device performances.

Despite the possibility for further development of CZTS thin films produced from
staked precursors, thevdieBon these materials were stopped in 2012, to explore

a new promising fabrication route, basespatt@®d deposition of precursors.

With the new process, adopted in a second stage of our activity after an upgrade of
the deposition systems, QAINSilms were growrsbiplurization of precursors

obtained by simultaneous sputtering of the three binary sulphides: CuS, ZnS, SnS.
The use of aeposited precursors was already suggested in the literature as a
promising strategy in terms of utif@md control of material compdgRion

160Q, as all the elements necessary for CZTS phase formation are already present
and homogeneously mixed in the starting film.

However, at the beginning of our activity;sihéteong from three different

targets was not a widely explored route, being reported only by the Katagiri
pioneering group, which used elemental Cu, ZnS and SnS compounds as sputtering
sources. Ggputtang from the three binary sulphides adopted in the present work

is a quite innovative route, as both metals and sulphur can be incorporated in the
correct proportion into the starting precursor. A similar approach, buiShased on Cu
SnS and ZnS targetgsthenbeen reported in the course of our afilities

Cosputtering method allowed obtaining good results in terms of control and
reproducibility of the process. The chemical homogeneity of bathdfiealirsor
material, together with the possibility for an accurate control of the film stoichiometry
by properly setting the sputtering powers, allowed fulfilling all the retiigrements of
first interim goahd also gave the possibility for a fastatipmof materials as

absorber layers. CZTS solar cells produceddpoiterced materials achieved
efficiency close to 6% in 2013, thus fully achieving the final goal of the project.

1.6 Structure of the work

A brief overview of CZTS basic projgepiesentein Chapter Il. This thesis is
then structured lmge main experimental chapters:
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A Chaptetll focuses on CZTS thin films producedphyization of stacked
layer precursors. After a description of the growth process, the characterization
of the optimized materials in terms of chemical composition, optical properties
and microstructure is presented. A detailed investigation on the stoichiometry
effect on CZTS physical properties, such as energy gap, grain dimensions and
intrinsic defect dépgs also presented in this chapter.

A ChaptelV concerns the development of CZTS thin filrsspbiyedag
deposition technique and mainly focuses on the optimization of these materials
in view of their application as absorber layers in solar cells.

A ChapteV is related to the research activity on CZTS devices and it is
structured in three main parts: in the first part, solar cell fabrication processes
are described and the characterization of all the laymstgbgchuffer
and window layegcessary for the device is presented. The second part
concerns our investigations on the back contact and front interface, while the
third part focuses on the efficiency evolution of solar cells produced by using
both staked evaporated argpatiered pearsors.

Conclusion and futpeespectives are then presented in GHapter
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Chapter Il

General properties of Cu,ZnSnSy:
a brief overview

2.1 Crystal structure and polymorphism

CuwZnSnscompounds may exist in two main crystal structures, known as kesterite
and stanni{&4. Both are tetragonal structures, consisting in a cubic closed packed
array of sulphur anions, with cations occupying foifre heifadhedral voids, with

a stacking similar to zincblende. The structural differences are related to a different
order in the cation sublattice: kesterite, with spa@® gaaracterized by
alternating cation layers of CuSn, Cuzn, CuSBraat 250, 1/4, 1/2 and 3/4,
respectively, whereas in stannite structuré@cdittsymmetryZnS layers

alteranate with Cu2 layers. Tin and sulphur ions occupy the same lattice positions in
both structures. Tetragonal supercells of kesterite aratstaputtedrigure

2. The lattice constaatndc are similar for both structures: according to Paier et
al.[113, for kesterite structare 5.46v andc  10.93v, but slightly different

values can be found in other yttrks24.

All the ainitio calculatiofi42 114 predict that the stable structurefom&hs

is kesterite (possibly along with cation disorder wifiigm tlaget)) but different
polymorphs, with only slightly highentatpf112 173 have been considered in

the literature. The most important is stannite, with an energyodferspeet (
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Figure2: Schematic representations of the kesterite (a) and stannite (b) structures, from

(113

to kesterite of only few meV per @t@mal(es between 1.3 and 3.4 meV/at can

be found in the literatfi® 112 114). Additional tetragonal structural
modifications have been preditt@dl73 137. These modifications belong to

the space groups ¢ 0t¢ danddc and are obtained by the exchange of two

ions on the cation sublattice. The bandgap andtibe &vergies of the CZTS
structures generally considered in the literature are répbtedd Tine total

energy excess [P of0T¢Oand®cd symmetry stiuces respect to kesterite

stable staté@) is much lower th&i¥t room temperature, so that the possible
coexistence of these three polymbasiteen suggested in the literfitGie

61].

These theoretical results are partially confirmed by neutron diffraction data reported
in[124, revealing a disordered distribution of Zn and Cu atoms in CZTS samples,
showing kesterite structure.

Tablel: Energy gap (Eg) and formation energy diffé@neith( respect to the stable
kesterite state as obtained from tinétiabalculations report¢Hlzk

Symmetry ® 0t¢d ®cad  0O¢ 0T1C ®

Eg (eV) 149 146 129 107 1.20
wQ@meViaty 0 075 337 17 244

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

2.2.1 Electronic Band structure and effective masses

The electronic structure of CZTS and CZTSe and other related compounds were
investigated by first principle calculations in sevgt@488 444 113 Details

of the electronic band structure of CZTS(e) can bp.fduidheresults show a
directa-point energy gaps for both CZT&riteesind stannite structures, with

energy gap values of 1.56 and 1.42 eV, respectively. These values agree quite well
with experimental works on CZTScsiysgd$60 99, even though some spread

of results (varying from 1.4 to 1.7 eV) can be found in the literature for CZTS thin
films[95 73 148 39 103. The electronic diagram and density of states (DOS)
predicted by Persgitd for CeZnSngkesterite structure are reporteigjime

3

An isolated conduction band (CB) is predicted by these calculations: the energy gap
between the lowest CB and higigiQBs is about 1 eV, and thus the higher CBs

do not contribute to the optical absorption in the low energy regime. As a
consequence, a decrease of the CZTS absorption coefficient is expected at energy
higher than about 2 eV, thus giving a peak iropgoabspectra. A similar
behaviour is also expected for JZT4peas confirmed by recent experimental
work{51].
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Figure 3: Electronic bandstructure of
Persson[114.

C#ZnSn$ kesterite structure predicted by

First principle callations by Perssfdf4 also provide important information on

the charge a#@er effective masses.
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The results, reportedTable2, predict a fairly good isotropic electron effective
massdq ) of the lowest CB, whereas hole masses show strong anisotropy in both
CZTS(e) kesterite and statymgestructures. The value of electron effective mass

is about 0.18 in CZTS and about G07in CZTSe, comparable with that of
CIGS*(0.204 ) and @3SeX( 0.10& )[113. The smaller electron masses in the
Sebased compounds compared to the sulphide phases result in higher mobility of
the minority carriers, so that a better response to an applied sentpediet!

in CZTSe compared to CZTS. However, it has tedmuptiat the mobility is

strongly influenced by scattering mechanisms and therefore it depends on the
material quality. Some experimental values of the Hall mobility measured in CZTS
ard CZTSe samples are reported later on.

Table2: expoint effective electron massesand hole massas (, foré =uphighio,
wherelp is the topos VB). The synibaisdU are used for longitudinal and transverse
masses respectively (fid).

Effective mas kesterite Stannite

ag ay 0.18 0.17
G Gp 020  0.18
a gy On 071 033
Gy On 0.22 0.84
af Gn 035 027
Ay Op 052  0.88
ays an 026 073
Gye On 0.76 0.17

Using the mass values reported before, it is possible to calculate the effective
density of states in a given landom the express[tA7:

¢

¢‘a vy & a
S 0 @Ppm &
whered is the geometric mean of the effective masses of the free charge carrier
(electron or hole) along the three directions of the ellipsoidal equipotential surfaces
(centred at they: point):
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The corresponding density of states in the CB and in the three VBs are about:
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2.2.2 Intrinsic defects and electronic properties

In a quateamy compound such as CZTS, several intrinsic point defects are
possible, including vacancies & Vsn and Y¥), antisite defects {CZrey,

Cuwsn, Sy, Zisn, and Say, and interstitial defects @uand Sh These defects

can introduce sball or deep levels within the bandgap, can show donor or
acceptobehavioyrcan act as traps or recombiraitne thus influencing the
opteelectronic properties of the host material.

CZTS show spontaneotypp conductivity. This behaviour haatbérried to

the presence of intrinsic acceptor defects with low formation energy.

Theoretical calculations of defect formation in CZTS compounds have been actively
reported since 2020 22 103 89. The values of the intrinsic defect ionization
levels within the band gap eEnSm% predicted by Chen et[aH are
summarized figuret [159.

According to these wpttke copper vacancy resultstialiovacceptor level just

above the valence band, while thar@isite results in a level 0.12 eV higher in
energy. Contrary to CIS, in whichcthis the dominant defectsjnaio
calculatiof22 103 show that in CZTS the intrinsic dominant defaeiss@el,

showing the lowest formation energy. A negative value is[t&3pmdbiaas
calculations reported[2d predict that the Audormation energy becomes
negative for Fermiel higher than 0.12 eV. Both works reveairapetisation
mechanism, which prext@ possibility for-#ype doping and for a CZTS type
inversion atrpheterojunctions.

In addition to theA&antisites, other four dominant defects are predicted, showing a
relatively low formation energy fpodCuCZTS composition (which is typically
used in PV application). These defects, ininmeasihg formation energy, are:

Veu, Ztn, \znand Ceh
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Figuret The ionization levels of intrinsic defects in the bangga®nS[CHY.

Intrinsic defects play an important role in view of semiconductor performances as
absorber layers. Deep levels are indeed detrimental for PV applications as they
introduce traps or recombination centres for photogenerateesfeiton

First prinple calculations reportdddmredict the €& antisite as a deep level

acceptor defect, with energy close to the midgap and with low formation energy. This
defect is therefore expected to be the moseeath@nation centre in CZTS

[12Q 22. However, the same calculations show thatahnpeyesated defect
complexes such as4Ct Sy are likely to form and passivate deep levels in
CZT922. More recent calculatidg@salso predict the piSnr] defectluster

as a detrimental defect for photovgiiormances, showing relatively low
formation energy and producing a deep donor level. According to these predictions,
Cupoor and Zmch composition would be desired to suppress the formation of
these detrimental defects. This could also explaibeshgate cells have been
historically produced using CZTS with such composition. In addition to the defect
complexes previously mentioned, a large number of possibilities have been also
predicted. Among them, those with the lowest formatiqfore@eqpor
composition) died +Zred], [Z8F +2Zred] [29 and [2Ct+Sra [18.

The theoretical results reported in the literature and briefly described here give an
important contribution to understand the electronic properties of CZTS and their
relation with the material intrinsic defects. However, further investigations are
necessary to understand the nature of different defects which may result from off
stoichiometrgompositions and +auilibrium conditions, typical of the actual
fabrication processes, in order to control detrimental defects atiee improve
material quality as absdgyer.
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2.2.3 Conductivity and mobility data

Experimental results confirm that CZTS is a spontagpeusdynpconductor. A

wide range of conductivity and mobility values can be found in the literature,
depending on the film composition and growth {ad2rig@s105 174. Free

carrier mobility is strongly influenced by scattering mechanisms, and therefore
different results are oi#td depending on the material quality (defect density,
presence of spurious phases).

Values between 5 and 12/(¥is) are reported for materials grown by
sulphurization of metallic precursors depositeebdam iaputtering73,

whereas lower values (abeudt®d/(Vs)) were found for precsmeposited by

RF magnetron sputteri ngcm arReepedsfori vi ty v
these samples. The highmeiility reported for CZTS is 30/s)i84, obtained

for a film grown by reactivepatiering deposition of metallic precursg8s in H
atmosphere. The final omterial showed a
Hi gh resi st i vicm)are vepotted®s where 6278 sam@e8 0 Y
are obtained upon heat treatmenSinfHjuaternary polycrystalline precursors
prepared by sprdgposition. A rapid decrease of resistivity (doti twnl0

was observed by the authors for increasing copper content and a similar trend was
also recently reported foevaporated CZTSe samipled. For Cuich
samples;conductive copper sulphide phasefiemaletected and are suggested

to be responsible for the low sample refiséyif#48. However, the high
conductivity of @ah CZTS samples could also depemidhem Cu defect
concentration compared to stoichiometric film.

Some reported resistivity, mobility and hole density values obtained from Hall
measurements are showiaie3.

Table3: Reported resistivity, mobility and carrier density values as determined by Hall
effect measurements.

p Ref.

Y cm  cn¥/(Vs) cmsd
0.15 6.3 8.2.1@ 173
0.13 6.0 8.0-1@ [148
~0.13 126 3.8:1® [174
036 116 451¢ 173
54 30 3.9-1% 84
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Estimates of the hole concentration were also obtained from -Zalsdagence

(GV) measuremeliit82 69 performed on the final devices. For good performance

solar cks, the hole density was found to be in the ofda0giche$, whereas

materials with higher carrier density (up to oot W@ere found to give worst
deviced69. The analysis of QE curves of gwae cells revealed that the

minority carrier diffusion length increases with decreasing acceptor concentration.
These results suggest that good quality CZTS thin films have to show sufficiently
high resistivity, likely correlated to a low defeatationcétiower limit for the
materi al resistivity to obtain working
mobility of 5 éifVs), corresponds to a free carrier concentration éfaibdbut 10

2.3 Cu,S-SnS,-ZnS pseudo-ternary phase diagram: CZTS
phase stability and spurious phases

Control of the phase stability is a central point for the development of high quality
CZTS absorber layers. The representation eZi$nEwuaternary system is
obviously quite complex since quaternary compoundsqwiilc rfour
dimensional diagram, and the temperature would also introduce an additional
variable. This problem can be simplified by consideringtexnasguoltase
diagram in which a perfect balance between metal and sulphur is assumed. This
means thiahe amount of sulphur incorporated in the material is assumed to be only
dependent on the amount of metals and on their valence: Cu(l), Zn(ll) and Sn(IV).
A quasiernary system of practical interestZomiSG68is CuSi ZnS SnS. The
phase equilibria were investigated by Olekseyjik%tvaio presented the
phase diagram, reportdegaores, for the system at 400°C.
A very narrow stability region is expected for CZTshowhkieh GAnSns
single phase only within the dithadl areaat the centre of the diagram.
Stoichiometry variations out of this region lead to the formatiamalof additio
secondary phases. Depending on the system composition, different secondary
phases are expected and are sh&iguisb, in the corresponding regions of the
phag diagram. €31 compounds can be expected-faxhGrompositions, as well
as for Srand Zmpoor stoichiometry. In this last regiSnSCernary phases are
also expected. No stable ternary compound is expected to form neither between ZnS
and Sngnorbetween ZnS anck&uUzZnS is expected as a single phase (alongside
CZTS) for Aich composition. Fofp@ar or Srich samples, a second quaternary
compound €ZnSBSs (discovered by Olekseyuk et @lO$his also expected
from the reaction of Sm®& CZTS at 700°C.
It has to be pointed out that, because of the previous assumption of a perfect
balance between sulphur and metals, only secondary compounds with Cu(l), Zn(ll)
and Sn(IV) are taken into acootineé C45ZnSSnS system diagram, whereas
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those involving metals in different oxidation states (s&riBa€@INS or

CuSnS) are not considered.

A wide list of possible spurious compounds (also detected either as reaction
products during CZfb@natiorfl28 163 or as segregated phases in the final

CZTS filmia 61 39) are repaatl inTable4 [164 69.

SnS,

670 K

1- Cu,ZnSnS,
2- Cu,ZnSn,Sy

\¢®

Cu,Sn,S

o

® o”

CZTS+Z
| T CuZnSeSs

+ CiSng

CZTS + tSny
+ CeS

~

CZTS ZnS+ Cp<

ZnS

80 60 40 20

mol.% Cu,S

Figure5: Isothermal section of the S&nISnS quasiternary system at 400f009.
Secondary phases expected in the different regions of the phase diagram are also
reported.

Table4: Secondary phases for the-wSnS system. For each material, the stability
region, the crystal structure, the bandgap ertegggnd the XRD card are reported.

Chemical Mineral Stabiliy Structure Ey(eV) XRD
formula card
Cus Covellite T<507°C exagonal 1.7 060464
752233
CuS Low 0°C << 104°C orthorhombi 1.18 230961
Chalcocite 96 731138
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Chemical Mineral Stabiliy Structure Ey(eV) XRD
formula card
CuS  HighChalcocit 90°C <T<435°C exagonal 840206
CuSs Digenite  72°C << 1130°C rhombohedr 1.8 471748
87 841770
CuiSis Djurleite T<93°C orthorhombi 1.4 420564
831463
CuSy Anilite T<75°C orthorhombi 720617
2HZnS Wurtzite exagonal 3.91 792204
VAN Sphalerite cubic 3.54 050566
715975
a-SnS  Herzenbergit  Tmer< 605°C  orthorhombi 1.3 831758
[123 (Amnm)
b-SnS Tmeir> 605°C 731859 (Pbnn
SnSs Ottemanite 1 752183
123
2HSNnS Berndtite Tmerr= 870°C exagonal 2.2 230677
[123 831705
4HSNS 211231
CuSnS T>400°C Cubic 0.96
[37
CuSnS T<400°C tetragonal 1.35
[37
CuSng Isostanite orthorhombi 1.60 360218
[37
CuSnS Synthetic Tmer<537°C  rhombohedr 360053
CwZnSns  Kesterite tetragonal 1.5 260575
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2.3.1 Effect of secondary phases on CZTS absorber layer and
solar cells

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

CuS and G$nS compounds are detrimental for PV application of CZTS, being
highy conductive phasg$7 107 167, which can create shuntings fratthe

final devices. £nS (CTS) can form a solid solution with CZTS, lowering the Eg
and increasing the conductivity of the fipalnom

CuS phases are often detected also in CIS alloys as a resultrich the Cu
compositions, usually adopted to enhance the graja5grolmtiCIS, G8

phases segregate on the surface and can be rgri@/ddbemical treatment.

The effect of @gh composition on CZTS seems to be still controversial: similar to
CIS, an improvement of crystallinity with the increase-cantapper eo

evaporated CZTS films grown is repdtfdj mut opposite trerate observed

in [29 128 149, for CZTS samples grown bgesohnd electrochemical
deposition. A trend opposite to CIS was also reported by Kafagifogroup

CZTS films grown fronsmattered precursors, where an improvement of CZTS
mophology was observed for decreasing copper content. 38nitzopioeiC

sulphides segregatmdthe CZTS top surface can be removed by KCN chemical
treatment, but undesirable voids can result upon etching in case of dispersed or
large Gi8/CTS segregais[35, [17Q. Coppepoor and ziath compositions

are therefore desirable to suppreSs detrimental phase formation and are
usually adopted in the literature liaatiea of high efficiency CZTS dffdces

16Q.

As a result of the@aor and Zich compositicfnS phases are often detected

in the final CZTS films. The effect of this phase on the final devices is not clear.
Indeed, due to its quite high bandgap energy (3.54 eV), ZnS segregations can give
insulator regions in the CZTS absorber layer, thuthiewerviicg performances.

However, ZnS segregations have been often detected even in the best solar cells
reported in the literafdde161, so that its role on theickeperformances seem

to be neharmful.

Tin sulphide phases can also result fijpmorQand Sich) composition.-Sn

phases have been detected -biyuirKRD measurements as reaction products
during CZTS formafib®g 128 and can also be found as segregated phases in

the final CZTS filf84. No detrimental effect & Phases for PV performances

has been reported. Hmve due to the quite high vapour pressure of SnS, tin
losses due to SnS evaporation from CZTS films have been widely reported in the
literature[42 163 134 and can be harmful (especially for vhased

processing) in terms of both stoichiometry control and CZTS p[i&% stability
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2.3.2 Detecting secondary phases in CZTS

Xray diffraction (XRD) and Raman Spectroscopy are generally used as
complementary techniques to characterize CZTS samples.

Cuw»S spurious phases, as well & &mpounds (SnS, Sasd Sgts) can be

easily identified byay diffraction, showinfyadifion peaks clearly distinct from

those of CZTS. However, as shoiiguires [159, ZnS and €BnS: (CTS)

phases are quite difficult (if not impossible) to be distinguished from CZTS phase.
Indeed, the most probable ZnS cubic phase show a crystal structure very similar to
CZTS (having the sar@ane cell parameters and being the kepindt@ete

a multiple of the ZnS one). Therefore, ZnS diffraction pattern is superimposed to the
CZTS one. Among CTS compounds, only the orthoriBnBiqh&3e can be

detected in CZTS samples by XRD, whereas problems similar to ZnS are found for
CuSnS compoutts: because of their similar symmetry and lattice constant with
CZTS, the diffraction peaks of both cubic and tetr:=Bj@@ak€auperimposed

to those of CZTS phiss

= (a) CuzannS4
i e —L : : l =
§ : (b) Cu,SnS, :
£ [ ]
art 1
Bl JL L. L N .
s F (c) ZnS ]
ol ]
o 7
2 J |

20 30 40 50 60
Figure6: Overlappingf CZTS, G8nSand ZnS XRD peal$9.

Raman spectroscopy is an alternative means to distinguish possible secondary
phases present in CZTS samples. It has to be noted, however, that with the typical
laser excitation souree800 65 nm) used in Raman spectroscopy, the light
penetration depth is in the order of hundred nanometers or less (the penetration
depth can be roughly estimated(Z9, Wherg is the sample absorption
coefficient) and tbfore only the surface region of the samples can explored in

34



planar configurationdépth analysis can be performed using the sample cross
section, or by measuring the Raman spectra while sputtering the sample to different
depth.

A clearRaman sptum of a CuZnSn% sample (measured on a monograin
powder) showing all the CZTS characteristic peaks is [4@orteld is shown
herein Figure7. A list of the Raman peaikethephases of practical interest is
reported iMables.
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Figure7: Typical Raman spectrum of aZb$nsmonograin powdé4].

Table5: Reported Raman peaks of CZTS and related ternary and binary phases.

Raman Shift (€n Reference
CZTS 338, 287, 351, 3&%7 [4,34
ZnS 352, 275 [206
CuSnS (tetragonal) 337, 352, 297 [37,34
CuSnS (cubic) 303, 356 37,36
CuSns 318, 295, 348 [37,34
CwusS 476 [34
SnS 160, 190, 219 86
SnSs 307 (89
SnS 215, 315 64
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Looking at these data, it appears that the main vibrational peaks of ZnS and
tetragonal @8NS are very clesto CZTS characteristic peaks. Using laser
excitatioin the reénergy regip@ clear identification of these phastl be
difficultespecially when only traces of ZnS and CTS coexist. @itht€zEcent

works showed that unambiguaiemgification of ZnS (even when present only in
small quantity) can be possible by using Raman spectroscopy with UV resonant
excitation conditions@325nm)[33.

Other experimental techniques can foé tasdetect spurious phases in CZTS
samples. EDX scans in STEM mode havepmetsin the literatufg6] and

allowed identifying secondary phases present as segregated clusters both in the bulk
and at the graboundaries.

Chemical depth profiles (using several techniques such as EDX, XPS, SIMS and
GDOES) can also be useful to detect spurioyswiesesd to be localized in

particular region the sample. For example, ZnS segregations on the Bottom of CZT
thin films are widely reported in the literature and can be clearly revealed by
measuring the-dapth profi[@39 74.

Optical measurements can also be usedutieettze presence of possible
spurious phases. For example, conductive copper sulphide phases are expected to
lower the sample transmittance and give a contribution to the optical absorption in
the energy region below the CZTS bandgap. These phdsa$ioiwdedigh

absorption coefficient in the infrared region due to a high defect and free carrier
density. A contribution in the infrared region is also expected when spurious phases
with Eg lower than the CZTS bandgap (such asSredSGeSnS) are

present in the sample.

36



Chapter 1lI

CZTS thin films from stacked evaporated
precursors

Part of this chapter has been published in:

C. Malerba, F. Biccari, C.L. Azanza Ricardo, M. Valentini, R. Chiéechi&, Saribni,
E. Esposito, Flangiapane, P.Scardi and A.Mittiga

0CZTS stoichiometry effects on the band gap
Journal of Alloys and Compounds, 582 (2&34) 528

C. Malerba, C.L. Azanza Ricardo, M. Valentini, F. Bidtharj, LMRgbuffi, E. Esposito, P.
Mangiapan®,Scardi and A.Mittiga

0Stoichiometry Effect on CZTS Thin Films Mor
Journal of Remable and Sostainable Ene(@918) 011404.

3.1 Introduction

The present chapter concerns our investigations on CZTS thin fiilms grown
sulplurization of stacked evaporated precursors deposited by electron beam
evaporation. This method has been reported in the literature as a successful route to
grow high quality CZTS thin films, dgvilegs with efficiency ®&%{69. A

description of the growth process and its optimization to obtain CZTS samples with
good quality in terms of phase stability, composition control and homogeneity is
presented in the first sections, wheszdmatis then paid to investigations on the

basic physical properties of the final materials. A detailed study of optical,
microstructural and morphological properties of CZTS thin films is presented and the
correlations with the material stoichiomeiscassed.

A deep knowledge of the material physical properties and their correlation with the
growth conditions is a key point to improve the material quelddylagabisot

a clear understanding of these issues still lacks. It is widdlyhatcampth

and Cypoor compositions give the best results in terms of conversion efficiency of
the final devicdgl], but the role of the stoichiometry on the basic physical
properties of CZTS hagyabbeen completely understood.
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A large spread efiergy gap values can be found in the literature, where
values from 1.4 to 1.7 eV are ref@gtéd 101 15Q. Even though this variability
can partially depend on the extrapolation method used to derive the Eg value from
the optical data, it appears that both compositiGulplirzation/growth
conditions influence the CZTS optical prffeti€s 150. However, no clear
trends have been yet univocally estaffilied 149 , thus makirgjfficult to
devise a suitable kxyation for this variability.

Another issue of utmost importance and not completely understood is the
influence of the material composition on the final morphology and microstructure. For
example, the influence of the copper content on the grais gudeth i
controversial: Tanaka eflal] report an improvement of the crystallinity of co
evaporated CZTS thin films with the increase of the copper content, in accordance
with the results also obtained in[C3G Swhereas opposite trends are reported
in other worf®9 149, where larger grains are found to form with the decreasing
coppe concentration in kesterite thin films obtainegebgreblelectrochemical
deposition.

Even though the microstructure is also influenced by the growth process,
further investigations on the stoichiometry effects on the CZTS morphology are an
importanissue, since a material with large grains helps to get better device
performances. Indeed, the grain boundaries typically introduce additional defects,
which can act as recombination centres for thenelegbairs, reducing the cell
efficiency. Thoblem should be particularly important iha€Zd Slevices,
since the grain boundary effect could be more detrimentilalbapyiite
(CIGSB2.

3.2 Growth method

CZTS thin films were grown by -stapprocess. The first step is a vacuum
deposition by electron beam evaporation of stacked precursors composed by
multiple layers of ZnS, Cu and Sn. This step is followed by a heat treatment of
precursors in a sulphur atmosghdpdarization), necessancaonvert in initial

stack into CZTS thin film. Soda lime glass (SLG) and molybdenum covered SLG
were used as substrates, thus allowing characterization of the final materials both as
isolated films (on insulator and transparent substrate) and agexssarbelala

cells. The substrates are kept at 150°c during evaporation process, to allow a first
interdiffusion of the metals into the starting stacks.
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3.2.1 Precursor deposition by e-beam evaporation

Stacked layer precursors were deposited by usimg B/A&hZ® electron beam
evaporator with a planetary sample holder. A picture of the vacuum chamber is
reported iRigures.

Planetargamplénolder

Crucibles containing
material sources

Figure8: Balzers BAK640 electroeam evaporator used for deposition of stacked layer
precursors.

The systa is equipped with a quartz balance, placed at the centre of the planetary,
which allow controlling the amount of deposited material. However, the software
which controls the system does not provide a direct measure of the deposited mass
(& ), but prowd the thickness (d) of the evaporatedbfivined from the

theoretical v a | u &ablegj and theevalum aftthe sensitive d e n s |
area (A) of the balance (i.e. the area of the balance surface exposed to the
evaporationfi [ j ! Ow. In these systems, the thickness value is usually

automatically corrected by using proper tooling factors (TF) nvhetctaks i

possible difference between the thicknesses of the films deposited on the balance
and on the substrate, mainly due to system geometry and sticking coefficient:

A 4&d jma 4&0 jm

wherd is the mass deposited on the quartz balanieares.

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

be taken into account. Indeed, depending on the porosity of the evaporated film, its
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density could be different from the theoretical value expectecegpotinging

bulk material, thus introducing an error in the mass to thickness conversion and
therefore in the estimate of the amount of the evaporated material. Another source of
error could be a possible temperature difference between substrege and balan

In order to improve the accuracy in the mass control, we calibrated our deposition by
using proper correction factor (F), obtained from the direct measure of the real mass
evaporated on the substrate. To obtain the calibration factors, each layer was
depoited by setting a nominal thickness (d), by simply fixing TF=1 and using the
theoretical value ferThe real mass evaporated on the substrate per unit area

i in these conditions was then measured by a high precision balance (with
accuracy of £@)and the calibration factor F was obtained by the simple equation:

A i

The molar mass (M, Jedle6) of each element was then used to convert the
nominahickness into the number of evaporated mol.

" i

AR —
To take into account the correct sticking coefficient, the calibration of each material
was performed using the proper substrate, according to the structure chosen for the
precursor stack. Thecgipstack order used in this work is SLG/ZnS/Sn/Cu and
therefore a SLG was used to obtain calibration factor for ZnS, a ZnS covered SLG
was used for the calibration of Sn and a Sn covered SLG was used to calibrate the
Cu amount.
Multiple depositions wpesformed faeach material, and each sample was
weigled several times. In this way, calibration factors were obtained by a statistical
analysis based on Gaussian distribution. The results areTaplefiediih the
corresponding errors.

Table6: Theoretical density, molar mass and calibration faétoamdé for ZnS, Sn
and Cu.

Material Density M € €
(g/cm) (g/mol) (nmol cn¥nm?) (ug cm2 nmt)
VA 4.09 97.47 2.42 £0.07 0.236 £ 0.007
Sn 7.31 118.71 4.25+0.13 0.505 £ 0.015
Cu 8.94 63.55 8.98 £ 0.27 0.571 £0.017
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3.2.2 Deposition of precursors with different compositions

Calibration factors obtained with the procedure described before were used to
properly set the nominal thicknesses of the different layers into the starting stacks, in
order to obtain precursors with the desired [Cu]:[Zn]:[Sn] metal proportions.

In this wrk, precursor composition was varied withinptioe @ud Zmch
stoichiometry region, which is known to give CZTS samples with the best
performances as absorber [afjer

All the precursors wergared keeping fixed the copper amount, and the metal
proportions were varied by changing the thicknesses of both ZnS and Sn layers into
the starting stacks.

First experiments were performed by changing the zinc amount, varying the [Cu]:[Zn]
ratio from 21o 2:1:48, while keeping fixed at 2:1.18 the nominal [Cu]:[Sn] ratio (see
Table7). The total nominal thickmés&nS, Sn and Cu in these precissors

reported ifable7, where an integer number, increasing from 1 to 4, is used to
indicate the increasing Zn content.

Table7: Total nominal thicknesse$ZnS, Sn and Cu and corresponding metal ratios in
precursors with increasing zinc content (labelled with increasing integer numbers).

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

#1 440 300 240 2:1.00:1.1
#2 500 300 240 2:1.12:1.1
#3 560 300 240 2:1.26:1.1
#4 660 300 240 2:1.48:1.1

CZTS samples obtained from these materials were characterized both as isolated
films and as absorber layer in the final devices. Despite the large excess of zinc
content, CZTS thin films produced froype#grecursors showed the best
performances absorber layer

For this reason, additional samples were prepared keeping fixed at 2:1.48 the
[Cu]:[Zn] nominal ratio (correspondingyfme #grecursors), and changing the
nominal Sn amount from [Cu]:[Sn] = 2:1.06 to [Cu]:[Sn] = 2:1.31. Thé total homin
thicknesses of ZnS, Sn and Cu in these precursors are TeyeRdvimere

the labels #4(#4(0) and #4(+) are used to indicate the increasing tin content.
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Table8: Total nominal thicknesses of ZnS, Sn and Cu and corresponding metal ratios in
#4type precursors, with increasing Sn content ( labelled-gs#4Q), #4(+)).

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

#40) 660 268 240 2:1.48:1.0
#4(0) 660 300 240 2:148: 1.1
#4(+) 660 332 240 2:148:13

3.2.3  Conversion of precursors into CZTS by sulphurization
treatment in tubular furnace

Stacked precursors were converted into CZTSs tynéfilneat tremént in

sulphur atmosphere. Suightion treatment is performed at 550°C in a tubular
furnace fluxed with nitrogen, using a smedlledtglass phlirization chamber

(with volume of about 50) awhere precursors are placed togethea w
stoichiometric exsesf sulphur powder (180. Mgnperature (controlled by a
thermocouple, labelled as Figured) is raised with a heating ramp of 20°C/mi

from room temperature to 550°C and maintained at this temperature for 1 hour, as
shown by the temperature prokigurelQ The heaters are then turned off and
samples naturally cool down to room temperature under nitrogen flux. A scheme of
thesulplurization system is depictEdyured.

oven

)
= >

precursor sulfur

Figure9: Scheme of tubular furnace and suwipbation chamber used for precursors
conversion into CZTS thin films.

Experiments performed without using tHegldeseeaction chamber, i.e. putting
both precursors and sulphur directly ingd thelNx -v 0 fi o pne @ ) were fo
give highly conductive samples, with a high optical absorption in the infrared region.
These properties are typical afclCWCZTSilms containing copper sulphides
spurious phases {§uor CuSnS) and suggest a rmntrolled stoichiometry,
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likely due to spurious phase evaporation. Losses of Zn and Sn during the heat
treatment are a widely reported problem in the [@@ra68el1§ and may

explain the remilobtained by using swlphi zati on t«#e&humepnt s
condition.

The use of smallosed reaction chamber was found to prevent these losses,
allowing a good control of sample stoichiometry, with better results in terms of
reproducibility. Closetlme sulphization treatment was therefore chosen as the
standard process in this waibnieert precursors into CZTS films.

600
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400

300 ~

200

Temperature (°C)

100

T T T
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Figureld Temperature profile used $oitphurization treatment in tubular furnace.

3.3 Precursor structure

Precursors usedtfiis work are mialger structigenade of ZnS, Cu and Sn. The

choice of ZnS instead of metallic zinc was firstly forced by the high vapour pressure
of the pure element, which makes it very difficult to be handled in high vacuum
system. Secondly, the use of ZnS may have the advantagtathaimount of

sulphur is already present the staring stack and this may help the formation reaction
of CZTS film during $héplurization treatment. Moreover, the volume increase of
material during precursor transformation into kesterite pifiasevisesnpart of

the sulphur is incorporated into the starting stack. It wg6%epatttds fact

could reduce possible stress effects resulting from film expansion, with better results
in terms of filadhesion properties.

ZnS was deposited as the first layer of the stack. Tin anéredpeer w
sequentially evaporated in two adjacent layers. This allows enhancing the metal
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interdiffusion into the starting stack, as Cu and Sn, at 150°C, acintesiiy re

CuSnalloys.
XRD spectrum of a typical ZnS/Sn/Cu stack, repatedlify confirms the
formation of €n compounds, detected aSr€and CsBn, during precursor

deposition.

c ' B ZnS sphalerite
C Cu.Sn,

B Cu,Sn

I Cu

log,, Intensity (a.u.)

stacked precursor
(ZnS 330 nm/Cu 150 nm/Sn 120 nmy 2

25 30 35 40 45 50 55 60 65 70
29 (%)

Figurell XRD spectr u2m (anemfsiugwerdatiinons) of a typi
by multiple repetition of the stack ZnS/Sn/Cu.

Some preliminary tests were peddoy changing the order and the repetition of

the different layers into the starting stacks, to improve the morphology and the
chemical homogeneity of the final CZTS films. As also reported in the literature, the
morphology of ZnS/Cu/Sn precursors wwas tfo be improved respect to
ZnS/Sn/Cu stack, obtained by simply changing the order of Cu and Sn into the
starting stack. However, no significant morphological variation washevealed i

final materials (upon sudghtion). The ZnS/Sn/Cu stack wakerfinally

preferred to prevent possible Sn [d$34$18 and to avoid the formation of

possible voids due to Cu migration -surfexge during thelphlurization

treatment, as a result of the high Cu mobility respect to the {8Her metals

Multiperiod structures are desirable to improve the metal mixing in the starting
precursorfsg. The first experiments were therefore performed using precursors
with the structure SLG/ZnS/Sn/Cu/ZnS/Sn/Cu, that is refetype tstrastBre.

However, investigation by Secondary lons Mass Spectroscopy (SIMS) on CZTS films
prodiced from these stacks revealed a very poor homogeneity of the final materials.
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The Zrdepth profile measured on a typidahZBZTS sample obtained from B
type precursors is reportefigarel2 The large excess of Zn detected at the
bottom of the film suggests a residwagcted ZnS phase at the glass interface,
also visible in the SEM cross section shown in the inset of the same figure.

SLG

from B-type
precursor

from T-type
precursor

Cs™zn secondary ion counts [a.u.]

unreacte@nS §

Zoo from B-type precursor from T-type precursor

T T T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 180
depth (nm)

Figurel2 Zn depth profiles measured by SIMS in two CZTS samples growdyfrem B
and TRype precursors with the same nominalri@r) composition. The corresponding

cross sections are reported in theet. A residual ureacted ZnS layer can be detected
at the bottom of CZTS film obtained from #ypdstack.

In order to improve the film homogeneity, precursors were produced according to a
new structure, that we nardggel in which thestZnSlayer is only 100nm thick

and the remaining ZnS amountdsgibuted in other two layers
ZnSLo0nnYSn/Cu/ZnS/Sn/Cu/ZnS Tsd#e9). A scheme of the layer digioib

into the Band Rype stacks isported iRigurel3

Table9: Distribution of ZnS, Sn and Cu layers in stacked precursordiffetbnt
structures, named as 8nd Fype.

Precursor Typ Structure
Btype Substrate/ZnS/Sn/Cu/ZnS/Sn/Cu
T-type Substrate/ZnS(100nm)/Sn/Cu/ZnS/Sn/(
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Figurel3 Distribution of ZnS, Sn and Cu layer irpB (left) and-fype (right) stacks.

The Zn depth profiles measured by SIMS in two CZTS films obtaityge from a B

and Rype precursors with the same nomiriahjZromposition are compared in
Figurel2 The Zn excess detected at the bottom of CZTS film obtained from the T
type precursor is lowemparedo the sample grown frotgpB stackthus

revealing a better metal mixing in samples obtairggpérpnedursors.

After these analyses, CZTS samples were growstypsirsgructures and the

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

Concering the sample inhomogeneity discussed before, it has to be pointed out that
the ZnS segregation is due to the intentidoll cdmposition of the starting
precursors. The depth profiles shBigarie4show that the £nrichment can

be controlled (and reduced) by lowering the ZnS amount in the starting stack.

L
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Figure 14 SIMS depth profiles measured in CHRillS films, obtained from-tffpe
precursors with decreasing Zn content (composition type #1, #Zal&0f

However, despite the sample inhomogeneity, CZTS films with higher zinc content
showed better performances as absorber layer. Therefore, as discussed in
paragrapi8.2.2 part of the investigation on our materials were intentionally
performed using-@ch sample (s@able).
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3.4 Stoichiometry effect on CZTS optical properties and
microstructure

To investigate the effect of different stoichiometries on CZTS basic physical
properties, two series of samples were prepared by varying the composition of the
starting precursors. A first set of sampdeg$A\was prepared keepiedg) thive

total amount of copper and zinc ([Cu]:[Zn] = 2:1.48), while the total amount of
evaporated tin was varied from [Cu]:[Sn] = 2:1.06 to [Cu]:[Sn] =T2lI81 (see

10. A second set of samplese(es) was instead prepared by changing the
nominal zinc content from [Cu]:[Zn] = 2:1 to [Cu]:[Zn] = Z4b#d [seehile

keeping fixed the total amount of both copper and tin ([Cul:[Sn] = 2:1.18). All the
CZTS samples were prepared using precursargwisitriicture, by varying the

total amount of the evaporated species (ZnS, Sn and Cu) ag edperttautin

Table2.

TablelG Nominal metal prog@ns in the precursors ofg®ries samples and CZTS
composition measured by EDX (normalized to total metal amount equal to 4). Values of
EO4 (energy at whitlr10cm?) and CZTS film thickness, d (with a standard deviation of
about 70 nm), are also repol

A sample Precursors CZTS EO4 d

series [Cul:[Zn]:[Sn] [Cul:[Zn]:[Sn]:[S] (eV) (nm)
K241a 2:1.48:1.06 1.59:1.57:0.84:4 1.48 1580
K252a2 2:1.48:1.06 1.63:1.47:0.90:4 1.49 1650
K253a 2:1.48:1.06 1.63:1.47:0.90:4 1.48 1610
K258a2 2:1.481.06 1.61:1.51:0.88:4 1.48 1590
K256a 2:1.48:1.18 1.74:1.26:0.99:4 1.63 1675
K255a2 2:1.48:1.18 1.76:1.24:1.00:4 1.60 1660
K250a2 2:1.48:1.18 1.71:1.31:0.98:4 1.63 1680
K250a 2:1.48:1.18 1.73:1.27:1.00:4 1.63 1670
K251a 2:1.481.31 1.79:1.18:1.03:4 1.63 1770
K251a2 2:148:1.31 1.75:1.21:1.03:4 1.62 1795
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Table1l Nominal metal proportions in the precursors of theriBs samples, with
different zinc content. Values of E04 (energy at whicktrf?) and CZTS film
thickness, d (with a standard deviation of about 70 nm), are also reported.

B sample Precursors EO04 d

series [Cul:[Zn]):[Sn] (eVv) (nm)
K239a 2:1.00:1.18 1.616 1400
K237a 2:112:1.18 1.605 1450
K237a2 2:112:1.18 1.605 1450
K235a 2:1.26:1.18 1.610 1550
K235a2 2:1.26:1.18 1.607 1560
K234a 2:1.48:1.18 1.608 1650
K234a2 2:1.48:1.18 1.613 1650

3.4.1  Samples characterization techniques

Chemical analysis of CZTS films obtained after the sridunization was

performed using Energy DispersiRay Xspectroscopy (EDX) arRayX
Photoelectron Spectroscopy (XPS), used to evaluate the element distribution along
the film thickness. XPS data were acquired ifnigh vid@uum system equipped

with a @ Al KU mo n-my $ource naadt & QLAM2 hémispherical
analyser. The depth profiling was performed using a mild sputtering with 1 keV Ar ion
energy[124. Element concentrations were calculated fromatloé e
backgroursubtracted core level peaks, taking into account three different
corrections: the CLAM2 analyzer transmission[f@dcttbe Scofield cress

section [19129 (corrected for the angular asyniifdjyand the electron mean

free patfiL35.

Microstructural characterization was performed using -Betimani@od XRD

diffraction measurements. Raman spectra were acquired in back scattering
configuration, using a custom system based on a 0.75 m Acton single
monochromator (Princeton Instruments) with a 1200 grooves/mm grating and an
objective 50(OlympusNddvanadate laser (Verdi, Coherent) with a wavelength of
532 nm was used as excitation source.

XRD data were collected by using bi§th(@ith a higlesolution Rigaku RMH

VH diffractometer in Biagmtano configuration) and Synchrotron Radiation
meaurements (SRXRD), performed at the MCX beamline at the Italian Synchrotron
ELETTRATrieste with a 15 keV radiation energy. In the{attés, dtatfiguration

was used, after a careful optimization of the eppidal petduce a narrow and
symmeital instrumental line profile, thus extending the limits of line profile analysis
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with respect to the conventional laboratory measurements. XRD profiles were
analyzed using both Rieft&§dnd Whole PowdettBan Modelling (WP8d)

approach, in order to extract as much information as possible from the performed
measurements. The former is used in order to estimate the amount of spurious
phases (mainly detected a§,Sas well as for the estimation of thiéeSn
occupancy in the CZTS phase. This parameter is very useful because it is only
related to the CZTS phase microstructure and it is not affected by possible spurious
phases or sample inhomogeneity, whichd, icste affect the EDX chemical

results (see paragraf4.2. Furthermore, WPPM provides a detailed
understanding of the sample microstructure throughadydistaentirely based

on physical models of the present phases (instead of usingpaditcnysen

profile function as in Rietveld analysis), thus allowing the determination of
microstructural parameters such as the crystalline domabusize dist

Optical properties were investigated by transmittance measuremerits in the 250
2500 nm wavelength range, using a spectrophotometer Perkin EImer Lambda9,
equipped with an integrating sphere. Photothermal Deflection Spectroscopy (PDS)
was used tobtain more accurate absorption data in the subgap region. The
measurements were performed using a TESTCEL automated spectrometer
equipped with a Xe and an Ha lamp, thus covering a wide wavelengjth range (250
1770 nm). CQVas used as deflecting medium.

3.4.2 Chemical characterization

The results of the EDX measurements performed on the sampkriesfahe A

reported iMablelQ The measured tin conghows a fairly good linear correlation

with the nominal tin amount in the starting precursor. This correlation is shown in
Figurel5 where the deviation of thstaichiometric coefficient (definegimas x
4[Sn]/([Cu]+[Sn]+[Zn])) evaluated by EDX in the CZTS films is plotted against the
same nominal quantity expected in the precursors. A similar dependence was found
for the sample thicknesses, which vary fubtd@8ao 1800 nm according to the

Sn and ZnS thickness used for the corresponding precursors, thus demonstrating a
good control of the growth process.

Figure16depicts that, as the tin content increases, the zinc concentration exhibits
an exaggerated decrease and the copper concentration even shows an anomalous
increase.
This behaviour is not regméative of the real compositional changes, but can be
explained looking at the results of XPS analysis stigureti7irDepth profiles
reveal the presence of aidnlayer at the bottom of the films, likely due to ZnS
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segregations at the CZTS/substrate interface, which probably are also related to the
smalgrairsize interfacial region visible in the sample SEMctimsysse
Figurel8).
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Figurel5 Correlation between the nominal tin stoichiometric coefficgmtin the
precursors and the same quantity measured by EDX isé¢he#samples. The
scattering of the data is related to the reproducibility of the evaporation process and
to experimental errors of the microanalysis.
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Figure16 Results of EDX measurements on teeries CZTS samples.
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This ZnS segregation can affect the EDX results. Indeed, in an EDX measurement,
the excitation rate induced by the electron beam steeply decays below the sample
suface; therefore the measured Zn concentration decreases as the film thickness
increases, thus resulting in a fictitious increase of the other elements.
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Figurel?. Element depth profiles obtained fiXAS measurements.

Figure1l8 SEM micrograph of a CZTS film grown from stacked evaporated precursor.
The interfacial region with srrghinsize is likely related to a ZnS phssgregation.

This explanation is also confimn&®X Monte Carlo simulations, performed with

the software Casif#8. For the simulations, a CZTS/ZnS/glass structure was
considered and a stoichiometric concentration was assumed for the CZTS phase.
The ZnS thickss was fixed at 500 nm, while the thickness of CZTS was varied
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from 500 to 2500 nm. These parameters were chosen to amplify the effect of the
inhomogeneity in our samples. The obtained trend of the cation concentrations is
reported irFigurel9 The results of simulations show that, as expected, for
sufficiently thick CZTS samples, the EDX measurements are not affected by the
presence of the ZnS layer and provaterdw stoichiometric composition. On the
contrary, as the CZTS thickness is reduced, the EDX absolute values are altered by
the ZnS segregation and the metal concentrations show a fictitious variation, in
agreement with the experimental data repogrdlia

However, as [Sn] and [Cu] are altered in a similar way, their ratio is a reliable
guantity to express the stoichiometry variation in our samples.
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Figure 19 Simulation of EDX compositional variation which would be obtained in
samples with structure (stoichiome®ZTS/ ZnS/glass) for different CZTS thicknesses.
The ZnS film thickness used in thewdations is fixed at 500 nm.

Detailed characterization of CZTS films by EDX was performed -gelyesn the A
samples. Indeed, as shown in the next sections, the tin content is the most
interesting parameter in terms of optical properties varihbitgni€ary, the Zn

content seems not to be a critical parameter and theneésrad@nples were
qualitatively analyzed, taking into account only the nominal metal proportions in the
starting precursors.
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3.4.3 Control of CZTS phase stability by Raman spectroscopy
and XRD measurements

Structural characterization was performed on bothsérieads@&mples using

Raman Spectroscopy and XRD measurements vithdZui2ig.

In Figure20 a typical Raman spectrum of a CZTS film (sample K255a as an
example) is reported. With the 532 nm laser excitation source, only the first hundred
nanometers can be explored (the penetration depth can be roughly estimated as
1/(2)). The measurements reveal a good quality of the surface region of the
material, as no evident signals of other spurious phases (sScICaS{Sa

and SiB) are detected. It is worth noting that, with the 532 nm excitation source,
the ZnS phase canheteasily detected with Raman Spectrigscdiilyand

even the XRD is not able to distinguish this phase from the CZTS one. However,
because of the-Aoh composition of the precursors, a ZnS phase segregation is
expected and confirmed by XPS measurements reportEijloefiode This

phase could be compatible with the small shoulder visible at dpaist 850cm
Raman shift of 348%dmexpected from Z88.

Intensity (a.u.)

| | | | czTs

T T T T T
200 250 300 350 400 450

Raman shift (cm™)
Figure2d Raman spectrum of the sample K2bkreference peald 34.
Three typical XRD profiles measured on CZTS films with different Sn content (A

samples) are reporteigure2l As the tin content increases, the corresponding
XRDpattern shows peaks a§3econdary phases.

Although the strong preferred orientation oftifygidés phases gives quite
intense reflections, the Quantitative Phase Analysis (QPA), performed with the
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Rietveld approadly, shows that the total amount of spurious phases is less than

1% (except for the mosti@nsample, where it reaches 2.5%).

XRD patterns of thedBies samples (not shown here) reveals a quite pure CZTS
phase, with only traces & @about 0.5% or less), most likely as a consequence

of the slightly ®ich composition of the precursorsasktl).

This result is in accordance with Raman spectra which confirmed CZTS as the main
phase in the films, giving no evidence of other detectable spuriouf#6ompounds
Details of the fit procedure used to modelDthprofiRes are described in
paragraph3.4.7 where Rietveld approach is used for a detailed study of
microstructural properties of CZTS thin films withrdifteresmttt
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Figure2l XRD spectra of three CZTS films with different Sn content.

Optical properties
3.4.4  Stoichiometry effect on the band gap energy

The optical properties of the samples were investigated by spectrophotometric

measurements. The transmittance specsaries Bamples did not show any

relevant difference with the increase of Zn concentration. On the contrary, the

transmittance of tillens obtained by changing the Sn corteriegf shows a

shift toward lower wavelengths as the Sn content increases. This behaviour is shown
in Figure22 Takingnto account multiple reflections inside the film and neglecting,
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as a firsbrder approximation, those inside the glass substrate, it is possible to
calculate the absorption coefficipstafting from the transmittance data, using
the equation:

p Y

. P
Y STV (1

Y
()

wherev 'Q , dis the thickness of the film¥andndY are the reflectivity
of the film/air and film/substrate interface respectively, calculated as:

y B¢ N
.

assuming constant refractive indexes: n(SLG) = 1.5, n(air) = 1, n(CZTS) = 2.4. The
value of the CZTS refractive index can be obtained by the Swanepoel approach
[144, when interference fringes are clearly visible. The analysis provides a refractive
index weakly dependent on & in the subg
2.4. Since in many cases the fringes are not visible, as a firibappeoxsad

n=2.4 for all the samples.
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Figure22 Transmittance spectra of CZTS samples with different Sn content.

The results are plotte&igure23 andrigure2d (for the samples ebAd B

series, respectively)Sversus E. This is thedglpway to represe(i) for

direcband semiconductors, since the value of the energy gap should be obtained
from a linear fit of these curves. Howéyae23 clearly shows that in
polycrystalline thin films, because of the combined effects of interference and sub

55



gap absorption, an energy region with a clear linear dependence cannot be
identified. Therefore, the Eg value strongly depends on the regiotheHisen f

To avoid any possible subjectivity in thgaparadue determination we decided to

use EO4 (i.e. the photon energy at WwiiiBom?) as a more representative
parameter than the value of Eg estimated by the graphical method.
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Figure23 (aEj versus E for different CZTS films with different Sn content (A series,
panel a) and different Zn content (B series, panel b). In the panel a, some literature data
are alsaeported for comparison.
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The values of E04 obtained for the A and B series amaldteddandTable

11, respectively. In samples produced by changing the Sn amount in the starting
precursor (A series), the energy gap varies of about 150 meV, from 1.48 to 1.63 eV,
in accordance with the litezatinFigure24 this variation is expressed as a
function of the [Sn]/[Cu] ratio resulting from EDX measurements, since this is the
experimental quantity less taffeby ZnS segregation effects (see paragraph
3.4.2. The E04 shows a clear dependence on the [Sn]/[Cu] ratio, increasing steeply
from the low to the high Eg valuesponse to a variation of few percent of
[Sn)/[Cu]. Conversely, in the samplessEsd an almost constant value of about

1.61 eV is found. This result can be reasonably explained by looking at the [Sn]/[Cu]
ratio used for the precursors, whieBands to the high E04 regiigure4
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2 [sn]/[Cu]

Figure24 Variation of the E04 of CZTS films with increasiognBmt.

3.45 Defect induced bandgap shrinkage?

Different hypotheses can be put forward to explain the variability of the optical
properties of CZTS thin films presented in this chapter.

- Hypothesis of polymorphic transformation

A first speculation advanced in the litfrafliee that th&g variation could be

attributed to stannite/kesterite polymorphic transformations. Indeed, theoretical

works[114 predict a bandgap difference of about 140 meV between these two
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polymorphs (1.56 and 1.42 eV for kesterite and stannite respectively), in fairly good
agreement with tlig variability observed in these experiments. So far this
hypothesicould not be proved, as with the most common experimental techniques
(such as XRD) it is quite difficult to distinguish the different polymorphic structures.
However, it is not clear how such a polymorphic transformation could be connected
to the tin edent variation. Moreover, we want to point out that, despite the difficulty
to distinguish between kesterite polymorphic thhasealisys of XRD peaks

relative intensities performed on our samples gave no evidence for the formation of
the stannite pb&

- Hypothesis of solid solutions

Another mechanism often proposed in the literature to explain thésBerariation
existence of solid solutions between CZTS and secondary phases. In the case of
CZTSe, CZTSe/ZnSe mixing was proposed as a possible explangtion for the
increasq3]. However, the experiments performed worthisn the-&eries
samples show that the optical properties variability observed in CZTS cannot be
imputed to the presence of a ZnS phase.

On the contrary,-ich spurious phases could be taken into account. In
accordance with the XRD resultst eafididate could be Snghich has an
energy gap of about 2.2 eV. However, the formation of a €&id¥Sngon
has to be excluded because of their completely different lattice structures. A solid
solution with SnS (which has an Eg of 1.3 d\Qiweorite to & decrease,
contrary to the experiments. Another possithesBuarious phase 26885
[109. It was proposgB] that it couldrfo a solid solution with CZTS changing
the B of the material. Unfortunately, the current lack of both optical and structural
information on £0S\Ss does not allow proving this hypothesis. Finally, we want
to point out that any mechanism basedaym#i®m of solid solutions would not
be able to explain the $itepbehavior of &g since a more gradual energy gap
variation would be expected.

- Hypothesis of defetuced band gap shrinkage

A mechanism, which instead could easily account ftikéheestapior of the

is a defedhduced band gap shrinkage. Indeed, a reduced tin content could
introduce a large density of acceptor defects {sydBumsind Zshantisites),

thus chnging the absorption edge of the material. In this case, the gap of
stoichiometric kesterite should be about 1.62 eV and it would be apparently reduced
by the formation of an acceptor band near the valence band. The dount of the
reduction would beréfiere directly related to the acceptor band energy position.
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Abinitio calculatiofig] suggest thats, Cunand Zsnintroduce shallow acceptor

levels (at less than 0.2 eV from the VBM) which could ekplage timetice

absorption edge of the matémiaddition to simple point defects, other defect
complexes could be involved in the band gap shrinkage. Theorftial works
predict a band gap decrease due to flexc@@u+ Sman, while the similarzCu

+ Sincomplex introduces a donor level only. The variation of the [Cu]/[Sn] ratio
explored in this work could influence the relative concentration of these two
complexes, thus changing the energy gap. This theoretical model nicely fits with both
the By shrinkageand the less evident increase of defect density at low Zn
concentration (Seigure, later on).

The experiments performed in this work do not allow identiying of the

involved defects. Nonetheless, thecalmmlatior[48 17show that the formation

energy of these defects depend on the material stoichiometry;rittut for Zn
material it is less than 0.6 eV, except ¥didh has an higher value (1.8 eV).
According to these calculations, the involvement of this last defect is therefore less
likely.

3.4.6  Stoichiometry effect on sub-gap optical absorption:
investigation on intrinsic defect density

To investigate a possible correlation between bandgap energy and intrinsic defect
density, Photothermal Deflection Spectroscopy measurements have been performed
to obtain further information on the absorption coefficienttzlencEgjes

Actually the data obtained using this tecbnifi@ fre proportional to the

sample absorptanog 4nd must be rescaled to the absolute absorptance obtained
from the spectrophotometric data. Within the same assumption used for the Eq.(1),
the absolute absorptaloan be calculated using the equation:

60 p Y — p Y Yo p Y ,

whered Q andY andY are the reflectivity of the film/glass and film/liquid
(CCl4 in our experimemnérfaces, respectively (with(€CK6Y 0 ‘Oidvthen
rescaled to mattin the energy region around Bg &hds calculated from:

Q

The resulting absorption coefficients are regogedds A clear increase of
the sulgap absorption coefficient is observed irsdtiesgamples, with a
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variation up to two orders of magnitude (from abogitdf)taslthe tin content

is decreased. This result suggests a higher defect density in CZTS film with lower tin
content, in accordance with the-dafstt mechanism proposéor® to explain

the Eg variability. On the contrary, the increase in the Zn concentration causes only
a slight reduction ah the same energy region.
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Figure25 Absorption coefficient obtained from PDS measurements on CZTS samples
with increasing content of tin (top) and zinc (bottom).
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To exclude the possibility that the general trends shown by the PDS measurements
are influenced by light scattering effectsc@Vibg the absence of interference
fringes), the scattering properties of the analyzed films have been investigated. We
measured both the total (T) and diffiggeafismittance of the films.

The Haze ratio, defined agTT shows only small Janat completely
uncorrelated with the value of the absorption coefficient. As an example, we show in
Figure26the Haze ratio of two samples with high and loof vatussiyap

absorption. The sample with higteows a lower Haze ratio, thus confirming that

the trend found from PDS is a real effect due to defect absorption. Anyway, because
of the scattering effects, the absolute value of the absorpitncooétfibe

slightly overestimated.

Finally, the absorption spectra show an
energy gap. Its characteristic energy is about 70 meV in samples with large Eg and
about 80 meV in sample with lower Eg.
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Figure26 Haze ratios of two CZTS films with different Sn content, calculated from
the total (T) and diffusedig)ltransmittance spectra, also shown in the graph.
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3.4.6.1 Photoluminescence in sample with different bandgap energy

Photoluminescence measurements have been performed on CZTS samples grown
with different tin content and showing differgapbamelrgy. Two typical spectra

are reported Figure27 and refer to two CZTS films with E04 values of 1.48 and
1.61 eV. A single large peak at abdul.2.2V arisdrom all the samples, in
accordance with the typical spectra of policrystalline CZT&%hin films

However, the peak intensity ofESddaiamples was found to be lower of about a
factor 1000 than that of samples withEtighdhis severe intensity reduction is

in accordance with the hypothesis ofemsedcdefect density in samples with

small Eg, as these additional defects, induced by the tin content reduction, can
enhance the probability for-radiative recombination mechanisms of
photogenerated electiole pairs, thus reducing the PL signal.

Higher Eg

Smaller Eg
(x 500)

Intensity (a.u.)

1.2 1.3 14 15 1.6
Photon energy (eV)

Figure27. PL spectra of two CZTS thin films with different tin content and different
energy gap: E04 = 1.48 eV (blue line) and E04=1.61 eV (red line).
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Microstructrural properties

3.4.7 Influence of the tin content on CZTS microstructural
properties

The results shown in previous section showed that the tin content strengly influence
the optical absorption properties of CZTS thin films. For this reason, detailed
microstructural investigations were madaplessprepared by varying the tin

amount in the starting precursors. For this study, we usetketheafples

analyzed in the previous sections and additional CZTS films prepared with other Sn
amounts, using the same growth process. A list of sathplethis work is

reported iffablel2 together with the results of EDX and the energy gap values
(expressed as E04).

Tablel2 S a nepnipesiicdy measured by EDX (normalized to total metal amount
equal to 4). Values of E04 are also reported.

Sample CZTS EO4

[Cul:[Zn]:[Sn]:[S] (eV)
K265a 1.76:1.33:0.90:4 1.47
K264a2 1.76:1.29:0.94:4 1.47
K253a 1.63:1.47:0.90:4 1.48
K258a2 161:1.51:0.88:4 1.48
K241la 159:157:084:4 1.48
K261a 1.73:1.33:0.94:4 1.48
K252a2 1.63:1.47:0.90:4 1.49
K241a3 162:152:0.86:4 1.49
K255a2 1.76:1.24:1.00: 4 1.60
K275a2 1.79:1.23:0.97:4 1.62
K256a2 1.77:1.24:0.99:4 1.62
K251a2 1.75:1.21:1.03:4 1.62
K256a 1.75:1.26:0.99:4 1.63
K250a 1.73:1.27:1.00:4 1.63
K250a2 1.71:1.31:098:4 1.63
K251a 1.79:1.18:1.03:4 1.63
K254a 1.77:1.29:0.94: 4 1.64
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3.4.8 Sn-site occupancy from Rietveld analysis

Rietveld analysis was used for the identification and/or quantification of spurious
phases as well as for structural characterization. It is well known that this approach is
based on the modeling of XRD patterns takingoum the structure factor of

each present phase for the determination of the relative intensities of single
reflections while peak shape depends on the instrumental contribution and on the
chosen profile funcfib®. To have a better understanding of the real influence of
Snsite occupancy variations on the XRD patterns, it is useful to examine the
structure factor, as the measured intensity for a given reflection is proportional to its
square modulus. Hemeral expression for the structure factor can be written as:

O 0o @ QM D

where( is the number of sites in the unit call aisdthe number of atoms

residing in thesite (therefore aliag the modeling of cation disdrdar)q6

are the cosine and sine summations for ssgivéhoth depending on the Miller
indexes' @)y whiléQ; is the atomic scattering factor"@nand "Q the

anomalous dispersion coeffidmntise atomd The termd corresponds to the
occupancy of thispecie in the givesite.

Using CuKradiation, the atomic scattering factors of Cu and Zn are similar while
Sn has significantly higher values. XRD peak intensities aresiséreéote s
variations of Sn content and distribution and the effect is differentCiadifferent
reflections, as a result of compensations in the phase term of the structure factor.
Figure28shows the intensity variation of sé¥eaflections normalized to their
maximum intensity upon variation (whegeblabels the crystallographic site of

tin atoms in kesterite structure). This effect can be easily understood looking at
Figure29 which shows different crystalligmphes with high, intermediate and

low tin contribution, depending on the number of tin atoms laying on the planes.
Nevertheless, it is worth noting that even if large differences on the relative
intensities are obtained upon tin content variabid0% gar some reflections

moving from site occupancy of 0.8 to full occupancy), the actual effect on the
measured XRD pattern is reduced. The main problem is that actually the most
influenced reflections (i.e 002 and 101) are weak peaks (less tiativé% of r
intensity); while the most intense peaks remain almost unchanged with a strong
variation of the tin content. Thereforgualigh measurements, as well as careful
analysis are mandatory in order to obtain a good estimationsié the Sn

occupay.
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Figure28 Variation of the relative intensities for several CZTS reflection in terms of the
Snsite occupancy.

Figure 29 Atoms contained in different hkl planes: (a) (002) having large Sn
contribution; (b) (020) with an intermediate concentration and (c) (024) plane having
almost no Sn contribution.

In the present work, XRD patterns were acquired with a high resolution
diffractometer, carefully aligned and calibrated. Instrumentd profieriyv

modeled with a standard NIST LaB6 sample, while several factors that directly
influences measured intensities were taken into account in the fitting procedure
(such as roughness, por¢sit§ and thi film thickness correction). Moreover,
according to the results of XPS depth profile analysis, a ZnS phase was also
included as a segregated layer at thegl@Z3 $hterface. Thea) absorption

correction was therefore modified having considerddresQEES multilayer
structure. Temperature factors were fixed to literat{t2} asestated before,

several structural parameters are obtained from the Rietveld analysis. The kesterite
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