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Sommario

La prima parte di questo rapporto riguarda la sintesi di nanocristalli dZrn@ms (CZTS) basata su
oleilammina (OLA), con incorporazione ddddecantiolo (1DDT) attraverso il metodoi chot-injection
OAYAST A2y S-DOT, uatofcétre degant¢ € rwoordinazione, & stato introdotto per mighiora
rispetto alle precedenti sintesi in OLA, la nucleazionka erescita dei nanocristalli di CZTS. Le nostre
osservazioni suggeriscono chigsb di una quantita inferiore di OLA promuove una crescita omogenea dei
grani nello strato assorbitore.

La diffrazione dei raggi X (XRD) ha rivelato polimorfi tetragonali ed esagonali della CTZS nei film ottenuti per
spin coating prima dei trattamenti adlta temperatura. In particolare, -DDT € responsabile della
formazione di una maggiore percentuale della fase esagonale (del tipovutiete) rispetto al caso in cui

si usa solo OLA. In letteratura € riportato che la presenza di questa fase esagetedtahbile & utile per

indurre una piu efficace ricristallizzazione del materiale e cido potrebbe spiegare la migliore morfologia dei
film finali.

Bisogna pero notare che il contenuto di carbonio dopo il trattamento termico finale € ancora abbastanza
rilevante.

| trattamenti termici sono stati variati per ottenere non soltanto una buona cristallizzazione ma anche per
minimizzare la presenza delle fasi spurie in maniera da avere la gap ottica tipica del CZI.6 ¢Vpbed

una resistivita non troppo bassBer arrivare a questo risultato é stato effettuato uno studio comparativo

tra postricottura con azoto, argon e vapore di zolfo in un forno tubolare. Le temperadeiedue
trattamenti termici (il primo TT1 senza zolfed il secondoTT2con vapori di zof) sono state variate da

500°C a 600°C. Risultato di rilievo, abbiamo verificato la scomparsa nello spettro XRD di quasi tutti i riflessi
delle fasi secondarie dopo la ricottura finale (TT2), a indicazione del loro sostanziale consumo nella
formazione del fase CZTS. Tuttauvi@n essendd'’XRD da solo sufficiente pewsoivere le diverse fasi,
abbiamo effettuato ulteriori misurazioni di scattering Raman, che hanno rivelato invece in alcuni campioni,
almeno in superficie, la presenza di fasi spurie binatiernarie anche dopo TT2. Questi campioni in effetti
mostravano anche resistivita eag ottiche eccessivamente basse dimostrarid®@ dzi A f AGt RSt w
tecnica di caratterizzazione. Le misure elettriche ed ottiche hanno anche mosrafjoportunita dinon
riscaldare troppo i campioni nel primo step in assenza di zolfo (TT1) per prevenire un loro probabile inizio di
decomposizione.

Nella seconda parte del rapporto @ggscriveil lavoro svolto al fine di preparare le nanoparticelle di CZTS

con un proceso alternativo a costo ancora piu basso della-inggction: la macinazione ad alta energia. In
gueste prime prove le nanoparticelle sono state generate introducendo polveri dei quattro elementi puri
dentro una giara in ottone e utilizzando 25 sfere delffesso materiale. Come lubrificante & stato usato
RStftQSdily2t2ad [ I RdzNJ G I RSttF YIFIOAYLITA2yS & aidl i
particelle di CZTS si formano gia dopo 15 min (insieme ai residui degli elementi e di altre fasiebinari
ternarie), e raggiungono quasi il 100% dopo 60 min (con un residuo di CuS di circa 1.5%) mentre sopra i 60
YAY LWL A2y2 RStEtS O2yilYAYyLFITA2yA RIftQ20G2yS RSt
adottano una struttura cubica inveaiella struttura tetragonale di equilibrio probabilmente a causa della
bassa temperatura del processo che inibisce un riordinamento dei cationi. Questo processo a basso costo
LISNJ € I LINE RdzZl A2yS RA dGAYyOKA2adNR &eénsidedda divérdelld NB
modifiche per migliorarlo (ottimizzazione dei parametri di rotazione, utilizzo di giare e sfere in WC o
zirconia per ridurre le contaminazioni, utilizzo di lubrificanti diversi che possano gia fare parte
RStfQAYOKAZ2AGNR FAYIESOO®
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1 Introduction

Despite of facing several challenges as photovoltaic absorber layer, kesterite (CZTS) structure based solar
cells have successfully yielded efficiency beyond ITR6For long term manufacturing delopments,
processing costshould beaffordableand processingsimple[2] [3], along the lines of the philosophy that

for sustainability, cost effectiveness, higtiraughput,large production & promising conversion efficiency,
non-vacuum based chemical methodse preferable [4] [5]. Annealingtreatments have amajor role in
influencing the CZTS rfil properties. Therefore deeper understanding of the impact of annealing
parameters on the film formation and its properties is important $omplificationand reliability of device
fabrication [1]. Henceusingsuitable starting materials andesign ofsuccessful annealing strategyaé

primary interest

2 Study on Synthesis and Pastnealing of G&ZnSngHAbsorber Layers
Based on Oleylamine/dodecanethiol

CwZnSn$ (CZTS) quaternary semiconductor nanocigsi&Cs) have been drawing significant research
interest in the past few years as a promising actayger semiconductor for lowost thinfilm solar cell
application or thermal energy conversion to electri¢y owingto its suitable optical properties, elemental
availability, and nostoxicity of its constituentg7] [8] [9]. CZTS NCs have been mainly regmbin two
RAGSNBY(d ONBAGIEff23aINI LIKAO TF2Nxay GSGNY3A2yLEt 0618S:
thermodynamically stablén ambient conditions[10]. One of the methods to obtain CZTS NGt
kesterite structure is high temperature synthesis with the use of simple metal salts in combination with
elementalSulphurusing oleylamine (OLA) as solv§ht] [12].

The formation of a pre sulphide CZTS absorber layer with large grains has proved difficult so
far. Based on our recent findisdl1], the grain size is correlataslith the amount and nature of organic
residues, which in turns depend on tipgrolysis of OLA. However, the carbon residuals, especially those
having long chains, cannot be fully eliminated by pyrolysis in inert atmosphere. In addition, OLA may also
react with sulphur present in CZTS, forming a carbon layer with high resi$énGme way to optimize the
CZTS NCs is to replace OLA with other solvents that form less stable complexes with metalliwbatons
possibly, can also beasily remoable during annealing at high temperaturén this work, CZTS NCs were
synthesizedfrom metal chlorides,as inexpensive and notoxic starting materials, with two different
strategies:

1. use of shorichained organic materials, such as diethylene glycol (DEG) and triethylenetetramine
(TETAinstead d oleylamine (OLA);

2. a mixture of oleylamine (OLA) anebdbdecanethiol (dDDT) to reduce the amount of OLA

The chemical structures and the function of OLA, DEG, TETADRD in the synthesis are shownTiable
1.

According to literaturd12], 1-DDTcan act as &oordinatingagentto produce complexes with the metal
cations (Cu, Zn, and Sn) and control the reactivity of different cations in the reaction solution. These
complexes wuld decompose into corresponding sulphides at a certain temperature condition. During the
formation of CZTS nanocrystalsDDT plays an important role in the process of determination of the CZTS
nanocrystals shape and grain size. In additieBDIT actss an additional sulphur source in the synthesis of
CZTS nanoparticldd3]. 1-DDT has the tendency to slow the release of sulphur atoms as it undergoes
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decomposition at high temperatures. Furthermore, the thigbup in tDDT can quench the band gap
emissions in CdS=ZnS celell nanostructurefl4].

Tablel The chemical structures and the properties of OLA, DEG, TETA-&iaiTl

Reagents Structure Boiling point
[°C]

OLA 364

HN

DEG HO \/\O A 244

TETA H 266.6
HoN \/\N/\/N\/\NHZ
H

1-DDT 275

T
HsC ™

This work aims t@rovidean account of the use of ligarfitee DEG and TET#&nd a hybrid of OLA
and :DDT in synthesis of CZTS NCs ubimfjot-injection techniquethis step & LINBR RdzOG A2y 2 F
followed by spin coatingnd then anneaihg of the deposited layersin addition, the effect of different
annealing atmosphee(N;, Ar and sulphurpn the grain dimensiorin final thin films is discussedl'he
elemental composgion and size, structural, optical, morphologicaid electrical properties of CZTS thin
films have been investigately X-ray fluorescence (XRREhalysis Elemental analysisGlow Discharge
Optical Emission Spectroscopy (GDOBE8hamic Light Scatterindd((S), Xay diffraction (XRD), Raman
spectroscopy UMvis spectrometry ScanningElectron Microscopy (SEM) andpdint probe resistivity
measurement.
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2.1 Experimentapart

Copper (II) chloride diydrate (CuG2HO, Aldrich >99%), Zinc chloride anhydr@sCl, Alfa Aesar >98%),

Tin (1) chloride dihydrate (SNnGRH.O, Alfa Aesar 98%) were dehydrated for 1 hour and kept under vacuum.
Sulphur (S, Aldrich >99.5%), Oleylamine (OLA, Aldrich, 70%), Diethylene glycol (DEG, Aldrich, 99%),
Triethylenetetramine (ETA, Aldrich, >97%),Oodecanethiol (DDT, Aldrich, 90%), Toluene (Aldrich,
>99.7%) and Ethanol (VWR chemicals, >99%) were used without further purification.

2.1.1 Synthesis of CZTS NCs using DEG and TETA (K1)

According to the work of Mirbagheri et al. (20165], 2 mmol of CuG| 1.50 mmol of Zngland 1.09 mmol

of SnGlare mixed with 7 ml DEG in a rouhdttom flask equipped with a reflux condenser. The reaction
mixture was degassed for 20 min under stirriagroom temperature, and then the temperature was
increased to 220°C while purging with nitrogen. Afterwards, a solution containing 5.60 mmol of S, 2 ml DEG
and 2 ml TETA was quickly injectedhe flask while stirring the solution. Then the mixture vkapt under
stirring at 220°C for 2 hours, and thereafter the resulting mixture was allowed to naturally cool down to
room temperature.

The final suspension was treated with a solution of toluene:ethanol=1:5 (V/V) and centrifuged for 10
minutes at 4000 rpnin order to separate the solvent from the CZTS nanoparticles. The obtained product
(K1) is about 1.5 g. Toluene was finally added to obtain an ink with viscosity suitable for deposition of thin
films by spircoating. The scheme of the synthesis is showkigprel.

CuCl, | SaCly ZnCl,
(0.538 ) (0.410 g) (0.414g)
— 2 _— J

|
Diethylene glycol (DEG) |
(7 ml) |

1

The reaction was
degassed 20 min

Purged with N,
at 130¢C
i
(" s49g)in2ml )
Hot Injection } L& . D]j:G &2ml
220°C | — triethylenetetramine
(TETA)
N S

l

‘ Maintained at 220 °C ’

for2h

Figurel Scheme of the principal steps to synthesize the CZTS nanoparticles (K1) using DEG and TETA
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2.1.2 Synthesis of CZTS NCs using-OIDDT (K2)

In a standard synthesias shavn in Figure2, 2 mmol of Cugl1.5 mmol of Znghnd 1.09 mmol of Sngl

are dissolved in 6.6 ml oleylamine into a 100 ml taneek round bottom flask. The round bottom flask is

then placed on a hotplate stirreAll the experiments were carried out in a standardfede condition using

a Schlenk line apparatus. The mixture was degassed at 130°C. In the meantime, sulphur powder (5.6 mmol)
and 2DDT (5 ml) were dissolved in OLA (3 ml). The sHphADDT solutiorwas rapidly injected in the

hot solution at 270°C under;Nlux. The mixture was kept at that temperature for 30 minutes and then
cooled at room temperature. The final suspension was treated with a solution of toluene:ethanol=1:5 (V/V)
and centrifuged forlO minutes at 4000 rpm in order to separate the solvent from the CZTS nanopatrticles.
The obtained product (K2) is about 1.5 g. Toluene was finally added to obtain an ink with viscosity suitable
for deposition of thin films by spiooating.

CuCly SnCl; ZnCla
(0538 g) (0.410 g) (0.414g)

fﬁj

Olevlamine (OLA)
(6.6 ml)

Purged with N2
at 130 oC

l

$ (0.449 ) in 3 ml

Hot Injection OLA+5ml
270 =C 1-dodecanethiol
(1-DDT)

l

-’ g B \u

‘ Maintained at 270 °C ‘

for 30 min

L vy

Figure2 Scheme of the principal steps to synthesize the CZTS nanoparticles (K2) using OLA&Td 1
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2.1.3 Thin film deposition
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Substrates wer&oda Llime glass (SLG) with dimension of 2xZ.chiney were kept in ethanol and sonicated
for 30 minutes then washed with distilled water and ethanol, and dried with argon gas.
The CZTS nanoparticles were dispersed in toluene andsdingated until a homogeneous ink was
obtained. The ink washen deposited onSLGsubstrates by spincoating. Depositioparametersof c n >tf |
1200rpm for 30 secondwere applied to obtain CZTS film

After the film deposition, residual toluene was removed with a soft thermal treatment (TTO) asiog
plate. The temperature for soft thermal treatment (TTO) is also manipulated toreéses effect on the
film surface. Different temperaturef 150°Cand 200°Cwith different thermal treatment time ofLlO min
and 15 min were used fahe absorber layeraiming at the production otrackfree films. The samples

were cooled down naturallyat room temperature befordurther analyse.

Thermal treatments (TTat high temperaturevere performed in a tubular furnace to promote the
grain growth They consist of a twstep thermal annealing in different inert atmosphere,(ir), TT1 and

TT2, repectively 5 dzNRA y 3

(A, B,Cand D9r TT1 and TT2 are shownHigure3.

GdKS

¢ CH

G§KSNXYI f

FyyStEAy3

a dzf LJIK dzNJ

In a previous worK11], the condition A and B have been used for TT1 and TT2, respectively.
Anyway, the high heating rate (20/min) ha caused crackgoor adhesion and overajuality of the films.
Thus,after some testingthe heating rate was decreased t6Gmin Figure3 GD). This provedasa rather
important change in our production protocols.

700

600 1
o
Q
S 500
£ 4
= 004
=
£ 300+
- A B
[+P] . 5
= 1001 20°C/min - 20°C/min
0
600
o
S 5004
S 400
= ]
=
£ 300
g‘ 200 5 D
%) . .
= 1004 3°C/min 3°C/min
0

0 40

80

120 160 200 240 280

Time (min)

0

40

80

120 160 200 240 280 320

Time (min)

Figure3 Heating rampf thermal treatments for TT1 and TT2
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2.1.4 NCs and thin films characterization

The elementaktomposition of the synthesized CZTS nanocrystals was determingiRBy ! vy ! w] - Qo
Thermo Fisher scientific instrument was used for measurements performed-spuasfilms, treateconly

with the soft annealing TT® CHN analysis was performed with &£0Eelemental analyser to determine

the absolute carbon concentration. The analysis is based on a rapid and complete combustion (Flash) of the
sample at 958C and in excess of oxygen. The combustion products are then passed throughd seco
furnace (Afterbuner) at 850C for further oxidation. The gases are then collected in a container inside
which they arehomogenized and sent to the infrared absorption detectors for the measurement of Carbon

in the form of C@

Glow Discharge Optical Emission Spectros¢@YOES) was used to analyse the depth profiles of the CZTS
elements and to detect possible organic residuals in the material by monitoring the carbon signal with a
GDProfiler 2 ¢ Horiba Jobidvon instrument. In fact, differently from the chemical chaeaization
techniques commonly used such as EDX or BRIQES allows the identification of ligllements, like

carbon, of interest in this work to study the organic residuals in different CZTS films grown from NCs inks.
Structural information on NCswa&so G F AYSR o6& - w5 dzaAy3 | tlylfedagaol
gAGK [/ 2Yh aSIFfSR G(GdzoS 2LISNIGSR Fd nn 1+ nn Y! o
software.

The hydrodynamic size of NCs was characterized by DLS using a Delsa Nano &nh(Becker). DLS
measures the intensity of the laser light scattered from suspended particles. The dispersion hydrodynamic
diameter is derived from the temporal evolution of the scattered light intensity using the Skiketein
equation. In all the expé@nents, the nanoparticle dispersions were sonicated for 15 min using an ultrasonic
bath (40 W, 35 kHz, Elma 460/H) before the size and zeta potential measurement. All the measurements
were carried out at 25°C. The reliability of the hydrodynamic size saliaes verified with more than 10
measurements for each analysis.

An optical microscop (HX-mnnn  un §Wwas ws&lYoSoliserve the surface morphologytiné films

after TTO.SEM analysis was performed using a JEOL708M Field Emission SEM equippeth vain

Oxford INCA PentaFETX3 Energy Dispersiag Zpectroscopy (EDXS) detector. In addition, some of the
SEM analysis were performed using a COXENMEWK EMand A Jeol IMBIO1F FiekEmission SEM.

The optical properties of CZTS NCs were investigatethin films deposited on SLG substratag spin

coating dter the different thermal treatments (TTO, TT1 and TT2), using a spectrophotoipetduced by
PerkirElmer model LAMBDA 950equipped with a 150mm integrating sphere. The normal incidence
transY AGGF YOS o0¢0 |yR NBFESOUlIyOS 6wy ¢SNBE YSI &adzNBR
using the approximated equation:

1 -4 1— (1)

whered is the film thickness, measured withsgius profilometer, or evaluated from the SEM cross section
images. The bandgap energy was obtained by a linear @tfofersusEo ¢ I dz0Qa LI 200> I a
bandgap semiconductors.

Raman spectra were collected using a LabRAM Aramis (HoribaYdobin equipped with an optical
microscope and a 100x objective. A diquenped solidstate laser source of 532 nm was used for the
excitation of the Raman signal that was detected with arcadled chargecoupled device. The slit width of

the spectrometerwas typically set at 100m. A diffraction grating with 1800 lines ntMwvas used for the
collection of all Raman spectra with an overall spectral resolutioplotnt ¥ Raman spectra have been
acquired with an overall acquisition time of 10 s by setting the laser power at 0.02 mW.

The sheet resistance was performed b$(R Resistivity Stand (Four pogjrobe apparatus).

10
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3.1 Results and discussion

3.1.1 Part a: synthesis of CZTS NCs using DEG and TETA (K1)

The K1 synthesis using DEG and TETA exhibits poor adtesiensubstratesas shown irFigure4. This

indicates that aghe solvents and organics are removed, tensile stiestdsupin i KS Uf Y NB & dz
cracking andnhomogeneity[5]. In fact, SEM micrograph shows a phase separation and incompatibility of
DEG and TETA with other reagents used in the synthesis.

~—t o bl v P a ;4 Sl 20.0[KV] SP=8.0 WD=12.0 x10.0k 1[um] HIGH VACUUM 2/9/2018

Figure4 a) Photo of agleposited and b) SEM image of CZTS film using DEG and TETA on SLG substrate (TTO)

Film formation is dependent on solution concentration and viscosity. In addition, adhesion is one of the
important parameterdor the correct functioning oftte cell, along with homogeneity of the absorber layer.
Furthermore, deposited laysiy dza (i 0 SF NBGNIZEG mtaypleadtdishaBt-tircuit formation. Several
attempts have been done in order to improve the adhesiothefinkto SLGubstrates, includng:
w dzaS 2F RATFTFSNBYy(G ¢l aKAy3a adGSLJA ORAFFSNByld 02
w dzaS 2F RATFSNBylG az2t dSyild oSGKIy2fFYAYySY OKf 2
w dzaS 2F 0AYRSNI 0SiKeéetSyS I3tedz2t0T
w dz&S 2F RATFTFSNByYy (G a deoated SLCILGraatedvidth HA).O02y X Y2 f @ 0 R

For all the above attempts, after the soft thermal treatment (T 0  { K Sed itb WowdedznNsihg its
adhesionproperties.¢ KS 1 62 @3S 20a SNl GA2ya O2yUN¥SR GKS AYLRI
chelating agent andat the same timecappingagent onthe surface ofthe CZTS nanoparticlethus
improvingadhesion.

3.1.2 Part b: synthesis of CZTS NCs using OLA-8T1(K2)
At least a low amount of OLA is necessary to obtain CZTsfilgoodmorphological qualityAccordingly,
OLA mixed with -lodecanethiol (iDDT)was tested as solventin order to modify the carbon residuals in
0§KS TFAYyLI ffavéribgthg graivthYoRlarger crystals, without detriment to their adhesion the
substrate. As visible in Figure the spincoated samplesnade with theink containing OLA and-RDT
appear homogeneous and welllagfingto SLG substrate

11
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K2

Figure5 Photo of asdeposited CZTS nanopatrticles using OLA aaDIT on SLG substrate

3.1.3 Optical microscopy

The presence of cracks in CZTS films camdsdyobserved by optical microscop¥igure6 showsthe

surface morphologof CZTS films witthe thickness of- 1.5> Yrequired for the alsorber layersin order

to obtain crackfree films, TTO was testedtawo different temperaturesof 150 and 200°C,with annealing

timesof 10 or 15 min All samples annealed at 28D show cracks, whereas, the sample annealetb&tC

is crackfree. In addition, by increasing the time of annealing the spots, which represent the agglomeration

on the surface of the films, amdecreasedBased on this resulsamples annealed at 130 for 15 min were

used for further analysidBoth the los of solvent and the thermal expansion mismatch between film and

substrate can cause crack formatiorhe first effect is minimized by applying multiple thin films, annealing

each one after deposition. The second can be handled, although not completeigagtd, if film thickess

is limited Asarule of thumb, a film thicker than 0/&m cracks, unless it is welilherent to the substrate.
However, in our attempts we coulibt obtain highquality films by depositingultiple thin layers.

150°C 200°C

15 min

Time

10 min

Temperature
Figure6 Optical microscopy of K2 filnwith ~ 1.5> Ythicknessafter TTO treatment
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3.1.4 XRF and DLS

Table2 shows the chemical composition and particle size of K1 and K2 syntieslements are unifonly
distributed and the final composition of K1 and K2 is dlesiredone. In fact, there is no significant loss of
any elements, and their ratios are close to the values expected forgeglrmance solar cell applicatien
This can also confirm that TZ nanocrystals have been formed. DLS measurentaniied out on the
precursor inkshow that the average dimensias around20 nm.

Table2 The relative concentration of metals (normalized to Cu=2) and DLS data of K1 and K2 dgnthes

Sample XRF (assuming S=4) Cumulant size (nm| PI Note

Ideal composition| Cu | Zn [ Sn [ Cu/Sn | Zn/Sn
1.8111.21(0.98|1.751.9( 1.2

K1 (DEG+TETA) | 1.83]11.23|0.94| 1.94 131 |21.2 0.03| Monodisperse]

K2 (OLA+DDT) |1.79]/1.20|1.01|1.78 1.20 (241 0.05| Monodisperse

3.1.5 Postannealing study based on XRD, Raman spectroscopy, SEM -atsldpectroscopy

3151 ¢c¢nbewm 1B ¢H

XRD analysis was performed on the samples of K2 deposited on SLG ssibsidatedifferent thermal
treatment (TTO, TT1 and TT2) using different atmosphereAiNand sulphur (S)).

As can be seen iRigure7a, two phases are identified in TTO; tetragonal CZTS (PEDEZ36 and
hexagonalZnSwurtzite type) (PDF#78547)CZTSThe peaks at 2= 2, 33 ,38, 52, 66 and 82 were
attributed to the diffraction of (1 01), (1 12), (200), (®)2(312)and (0 0 8) tetragonal kesterite
respectively. The peaks at 2 3P, 33 and 3% correspond to (1 0 0), (0 0 2) and (1 0 1) planes
respectively in the hexagonal phase. The formation af wurtzite phase could be due to ing 1-
dodecanethiolin the synthesis. The covalently bonded S 4ROT is very stable and hence difficult to be
broken down to release the S atom for the reaction, resulting in a slow reaction aatendition that
concurs to the formation of thevurtzite phase. In additiona copper sulphide (G8)peakis observed at
2 =37° (PDE652980.
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Figure7 XRD spectra of K&ample at different thermal treatments (TTO, TT1 and Tugder: a) N0 b) Ar
atmosphere
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Figure8 XRD spectra of samples a) O(data collected wih Cuka radiation), b) OLA+DD{data collected
with Coka radiation) at TTO analyzed by Topas

The comparison between XRD pattern of samples RLPand OLA+DDT at TTO analyzed by Topas
is shownFigure8. For the OLA/DDT sample two additional featuiredicated by the twdlue barshave to
be introduced:the broad halo of amorphous glass substratar the CZTS peak at about 33°; (ii) the peak
at 37° assigned to CuxS.In our previous results, wht the preparation based on OLA oriil] the
hexagonal fraction was about 20% which is apparently less than in the OLA/DDT sample. It seems that
OLA/DDT produced a larger amount of hexagonal phase: the peaks are bro#&ue€dlwl/DDT, that is,
smaller nanocrystalline domains. Actually, the smaller size might be the reason for the higher amount of
hexagonal with respect to the previous preparation with OLA.only

After TT1 ( 56T with a heating rate of 2Q/min) in N atmosghere Figure7a) the peaks of kesterite
become sharper, as a consequence of crystal growth. In addition, the spurious phase, copper sulphide,
disappears while tin sulphide (SnS) is detected (PDPB838). Differenttemperatures tend to stabilize
different phases. In fact, after the second thermal treatment (TT2), where sulphuuw&ppresent during

the treatment, the secondary phases disappear, indicating that tin sulphide takes part in the formation of
the CZT8anocrystals.

Figure7b shows the XRD pattern of samples annealed in Ar atmosphere. Thermal treatment (TT1)
leads to an increase of crystal size, and the intense peak aB? suggests the presence of copper
sulphide (CS) (PDF#72071). A possible occurrence of extra phases, mainly pure or mixed copper
sulphides in the production of kesterite films, has already been reported in the literft6id17]. It was
found that the spurious phase disappears after TT2, indicating that thermal treatment in sulphur
atmosphere improves the stability condition of CZTS.

Our observations indicate thait 560°C, the secondary phase of SnS tends to appear after TT1
under N gas, whereas G8 tends to appear under Ar atmosphere. In both conditions, by introducing
sulphur vapar in the treatment atmosphere leads to disappearance of all impuritless making theCZTS
crystal structurestable

Evidence provided b¥RD isiot conclusive on phase identificationunity of the CZTS nanocrystalgnnot
be assessedRaman spectroscopy was used tanptement the XRD analysis as it cgine a better
indication ofthe presence of secondary phasen fact,each phasemong those involved in this wodive
a peak position in Raman scattering whiohsome casess more distinct than ithe correspondingKxRD
patterns. Raman spectroscopgan detect secondary phases cu as Ci5, ZnS, G8BnS, and others.
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Therefore, the asynthesized CZTS nanocrystals (TTO) and annealed samples (TT1) were examined by
Raman spectroscopy.
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Figure9 Raman spectraf sample a) TTO b) T#Nz2c) TT2B-Ar-S and T2B-N2-S
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