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Abstract

Quaternary semiconducting sulphides are promisinthsastainable candidates to replace the silica@edaemiconduct-ing
materials currently leading the market of the phot@ic energy production. Recent efforts were pai€@ZTS (Copper Zinc
Tin Sulphides) semiconductors, due to their suitabectronic properties, the abundance in natutkedf con-stituents, and
the low toxicity. In this study, we synthetized £dn,SnS samples by two different solvothermal approachat, the aim

of developing a sustainable synthetic route indtzalle-to-grave full life cycle assessment. Thege outes are character-
ized by either a single step, or a two-steps proeednd allow operating in mild conditions limititige use of additional
chemicals. A multi-technique characterization pcotohas been adopted to evaluate chemical, stalcurd functional

properties of the final products. The selected y@m®s demonstrated that, in both cases, membelse detsterite-kuramite

solid solution series were obtained. Still, onlyttie case of the two steps approach purZ@snS samples can be synthe-
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sized, whereas the single step synthesis yieldgatm-samples. The optical characterization of thtaized CZTS material
obtained with the two-steps approach revealed d gap value (1.6 eV), in line with literature'swes, confirming the suit-

ability of this synthesis for the development of temmls for photovoltaic  applications.

1 Introduction

In recent times, materials science has been deepbjved in the field of renewable energy sourcgsong contributions
have been given in the quest for the developmentwf devices for solar energy conversion. Mainré&dfoconcerned pro-
posals and developments of new materials, abletoease the economic feasibility of the variealitions considered as
alternatives to the traditional silicon-based tegbgies [1,2]. This research pursued the optimizatf these newer genera-
tions of solar cell technologies by increasing deeice performances and the improvement of thehsyitt processes. The
control on the reaction paths and their simplifaat while tailoring the functional properties d¢fese products, were con-
stantly improved. Indeed, other aspects come auhtr relevance, including the scaling of the ragh, which enables an
easy implementation from the laboratory to the poidn conditions, and the sustainability of thatbesis. Costs due to the
use of rare/scarce raw materials, as well as thieegmmental consequences of the production andrdadssioning are now
important constraints [3,4]. In this context, these control of energy costs associated to thehsgid is also a crucial task:
a reduction of these costs will warrant an improgamin the net balance between energy return oretieegy invested

(EROEI) due the device realization [5].

CZTS (namely CxZnSnS) represents one of the most promising technolpgesdidate for the development of sustainable
solar cells due to their low toxicity and to thertb-abundance of the constituent elements [2]reCully, the best perfor-
mances in conversion efficiencies, obtained witbZa'S technology through three main processes atdatry scale, span
from the 12.6 % value obtained with hydrazine-asdisolution processes (reduced to 10.2 % witheumtguthis dangerous
solvent) [6,7] to 10.6 %, achieved in vacuum pred@&} and 8 %, obtained in electrochemical prod@ksRecently, some
efforts were made to establish and improve theatbérmal approach, which is less energy costly et to the co-
evaporation and sputtering methods [10-16]. Thec&dfof different parameters such as autoclavedbpsessure control,
solvents, temperatures, run duration and surfaxtaate explored [17-22]. However, simpler and &esrgy costly process
could be explored (no surfactants, room pressudenaore volatile solvent). Most of the literatureeseto agree about the
importance of the metal-thiourea complexes leadinghe precipitation of CZTS in several differembpesses spanning
from the solvothermal to thermalspray syntheses-Z2R In the present study, several polycrystalbaenples within the

kesterite-kuramite solid solution (€Zn,SnS) were obtained under a solvothermal approach. sthecture of the two



endmembers are depicted in Figure 1 to show thetsiral similarities suggesting the occurrence sblkd solution as else-
where discussed [30,31]. Two green and scalablegwrmal approaches based on the use of thiolteads a homoge-
nous source of Shave been implemented to obtained such produbtstWo methods differ for the way the TU is added t
the batch. The comparison between the two pureustsdobtained so far, was performed by means mfositional, struc-

tural, magnetic and spectroscopic investigations.

2 Materials and methods

2.1 Synthesis. All syntheses of this study were performed usirg fillowing reactants: Cugi2H,0 (Merck), ZnC} (Alfa
Aesar), SnGl2H,0 (Riedel De Haén AG), thiourea (Merck), ethyletgegl (EG, 99%, Alfa Aesar), milliQ 18 K2 water.
The two different solvothermal methods share theafsTU as sulphide source. The first approadii)(is adapted from the
one-pot synthesis of kuramite, £nS [32], and pyrite, FeS[33], nanopowders previously reported by somefin the
present study we implemented tklel approach by putting proper amounts of metal ctiéwiand TU (see Supporting In-
formation, Tab. S1) in a two-neck flask with etmgeglycol EG as a solvent under reflux at room gues for 2 hours. The
synthesis proceeds with the formation of a darkipitate, which is collected at the end of the rafter having let the flask
to cool at room temperature. Products are therrifeged and washed for several times in ethanoéitoove any impurity of
unreacted moieties. The obtained powders are tiairied. The second approach (M2) is a two-step®vative method
derived from the one successfully applied to thetlegsis of metal doped ternary sulphides by Gustad. [34]. These au-
thors exploited the decomposition of metal-TU coempk to achieve Rii, Cd*, Bi**, SB* substituted G8nS, systems. In
the present study, Me-TU complexes are obtaineddayng opportune volumes of 0.4 M solutions of Nedde and TU,
to realise the aqueous complexes having metabsmdl ratios equal to 1:3, 1:2 and 1:1 for Cu/TU/TZhand Sn/TU, re-
spectively [34—36]. Metal-TU complexes are obtaimedhe form of precipitates as chlorides by aiyidg and/or rotary
evaporation. The obtained Me-TU chlorides are tiveighted in opportune proportions (see Supportirfgrmation, Tab.
S1) and used as reactants in the synthetic proeed@be run is carried out, as fidrl, in a two-neck flask with EG as a sol-
vent under reflux at room pressure for 2 hours,thrdbtained precipitate is recovered after thetien vessel is let cool to
room temperature, centrifuged and washed in eth@ifférent run conditions were tested to optimilze synthesis strategy.

The list of the performed runs is shown in Suppagrinformation (Tab. S1).

2.2 X-ray diffraction(XRD). The phase determination of the synthetic produets carried out through powder XRD, per-
formed using a PANalytical X’PERT PRO powder ditframeter and employing Ni-filtered CuaK1.54187 A) radiation.

The XRD patterns were registered at 1600 W (i.ekM040 mA) with a PIXcel detector on a rotatingrgde prepared on a
3



silicon wafer (zero-background sample holder) im # range 5-100°, applying a step size of 0.02ba2d a step counting
time of 0.27 s. The XRD data were refined by meaina full-profile Rietveld algorithm, using the Folof software [37].

The same software was used to optimize the uripegdmeter values, using a model in which the-celit parameters, the
fractional coordinate of the sulphur in the CZT&istural model, the line width and a preferred mid¢ion parameter, along

[200], were kept free.

2.3 Scanning electron microscopy (SEM). Particle morphology was evaluated by means of S&Mwo different magnifica-
tion levels (13500X and 33000X). The powder was mted on standard aluminium sample holders with sighegraphite
tabs. To enhance the quality of the micrographigitt magnification, samples were carbon coated. iS#ay-electron mi-
crographs were obtained using a SEM ZEISS EVO Mad %vell as a Hitachi 2300 SEM microscope usingoith lzases 20
kV acceleration. The composition of the samples etermined by means of Energy Dispersive (EDS)déinalysis using
an Oxford INCA 250 and a NORAN NSS 300, Thermo €is8cientific, (Waltham, MA, USA) systems mountedpec-
tively in the two above mentioned microscopes. pbaks were fitted by Gaussian curves applying thEe atomic number

absorption fluorescence) correction.

2.4 Electron Paramagnetic Resonance (EPR). Conventional EPR spectroscopy measurements weferped on powders
inserted in amorphous silica tubes using a Teflag. [IData were collected at room temperature usiBgueer ER 200D-
SRC spectrometer operating at X-band (9.5 GHz)fented with DS/EPR software to a PC for data adtipisand han-
dling. Operating conditions were 0.05 mT modulatnplitude and 100 kHz modulation frequency. Sqaeed was set to
2.5 mT per second over a panoramic scan range @& To 0.65 mT per second over a detail scan rarife0.38 T. EPR

investigations were carried out on the as-syntleesizoducts without further manipulation.

2.5 Magnetometry. Magnetic investigations were carried out on thesaghesized products. Magnetization measurements
were performed in the 1.6-300 K temperature rargjiegua Superconducting Quantum Interference De(\B¢€@UID) mag-
netometer (MPMS Quantum Design) in the field-coqle@) mode at applied fields of 2.0 and 0.1 T. €ctions for dia-

magnetism, estimated from Pascal’'s constants {&&je applied.

2.6 Diffuse reflectance spectroscopy. The UV-vis-NIR diffuse reflectance spectrum of tagesynthesized products was
measured using an Agilent Cary 300 spectrometarippgd with a Labsphere PELA-1050 integration sph&he DRS
spectra were registered in the range 250-850 nenstep of 1 nm, counting 0.1 s per step. Refleetaf samples was com-
pared with a standard fluoropolymer (Spectralohgracterized as the highest diffuse reflectancangfknown material in

this region of the spectrum.



2.7 X-ray Absorption Spectroscopy (XAS). XAS measurements at the K-edges of Cu and Zn wer®nmed at the LISA
beamline (BM-08) [39,40] of the European SynchnetRadiation Facility (ESRF, Grenoble — France). Titeén optical fea-
tures of this beamline were a fixed exit monochrtmmavith a pair of Si [111] crystals, and a pairRd coated mirrors for
harmonics rejection (&« =~ 18 keV). The measured samples included, besigeMthsample from this study, a synthetic
microcrystalline CZTS [41], as well as five natussimples: chalcocite, €8, covellite, CuS, djurleite, GyeS, digenite,
CwSs and anilite, C¢5,. These natural samples were provided by the Miogizal Section of the Natural History Museum
of the University of Florence. Measurements wendopmed in the transmission mode. Samples were anixich cellulose
and pressed in pellets using an amount of matsuicth as to keep the total absorptiph<1.5 above the edge. The energy
sampling interval in the near edge region was ¥ 2spectra were acquired with a fixed k step o28.&k" up to a maxi-
mum k value of 13 and 15 %or Cu and Zn, respectively. All samples were mead at 80 K. The software ATHENA [42]
was used to calibrate energy and to average maikipéctra. Standard procedures [43] were followesktract the structural
EXAFS signal ky(K)): pre-edge background removal, spline modellihgare atomic background, edge step normalization,
and energy calibration. Model atomic clusters @htrn the absorber atom were obtained by ATOMS (4#]g atomic co-
ordinates taken from Bonazzi et al. [45]. EXAFS &t were fitted through the ARTEMIS software [42]the Fourier-

Transform (FT) space.
3 Results

An XRD, morphological and semiquantitative composial analysis were carried on all the samplesiobthfrom both the
methodM 1 andM 2. Conversely, a complete characterization of thet batocomes of methodd1 andM 2 have been car-
ried on samples M1_8 and M2_15 since they aredhgpkes with the higher concentration of Zn obtaif@deach method.
The analysis confirmed that methbtl provides consistently monophasicsGlin,SnS, materials, the Zn-content of which
never exceeds 0.1 apfu (Tab. S2). Accordinglyetifiect of adding Zn to the batch of reactants efriiethodM 1 results in
the precipitation of kuramite and spurious assedigthases. Conversely, the products provided byn#tbodM 2 are regu-

larly monophasic GiZn,SnS, with a variable chemical composition being<xs1 (Tab. S3).

3.1 Morphology, particle size, composition and structure. SEM-EDX analysis of samples from bdthl andM 2 syntheses
evidenced the presence of irregularly shaped agtgs®f several microns (Fig. 2). They are cortstitlby smaller particles
of spherical or tabular habitus having a size efdlhder of some hundreds of nanometres. Apparegh#yatter are polydis-
perse with an anhedral morphology, suggestingttiet could be polycrystalline and constituted bgreemaller crystal-
lites. The most striking feature is the absencamnyf appreciable difference in size and/or morphplogtween the products

obtained by the two different synthetic routes, le/li clear lack of Zn uptake occurring during & process (Tab. 1). This
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feature appears even more relevant if one consttlatsalmost all the existing literature on solethal CZTSs, obtained
with different strategies, reports an analogousiggarmorphology [17-21,46,47] . The mean crystalfize has been evalu-
ated on the basis of the effective width of the2(11024) and (132) reflections (indexed accordmthe structural model of
natural CZTS [48], Fig. 3) through the use of tleh&rer's equation [49]. The average crystalli'esiare 6.9 and 5.8 nm
for the M1_8 and M2_15 samples, respectively. Tig@nge in size among the different reflections, %16an be consid-
ered within the uncertainty of this determinatidhe crystallite growth appears isotropic in thdatiént spatial directions. It
is noteworthy that the crystallite size value iwdo than the average size of the particles idextiéit the SEM investigations.
This is in line with our previous reports [50] dmet TEM-detected crystallite size of kuramite narveger obtained via a
similar solvothermal approach. A Rietveld refinemehthe experimental patterns of the two chosenptas has been suc-
cessfully carried out in the framework of the CZ&t8ictural model. The lattice parameters of the M2and M1_8 samples
are a = 5.444(3) A and ¢ = 10.88(1) A and a = 5y and c = 10.618(5) A, respectively. The valobsained for the lat-
tice parameters compare very well with those ofrthiural CZTS (kesterite, a = 5.427 A; ¢ = 10.871J8PDS 26-0575
[48]), in the case of M2_15, and with those of igwstructural natural kuramite (a = 5.448 A; ¢ =780A; JCPDS 33-0501
[51]), in the case of M1_8. This evidence is inadkant agreement with the fact that the M1_8 sarhple a practically null
nominal Zn-content, whereas the Zn-content in M2sd®iple is 1 apf(iTab. S3. A refinement carried out assuming a cu-
bic sphalerite-like structural model (JCPDS 5-05¢6)ds even better results. Although not conclekiythese results are in
support of a mixed occupancy of the cations inabalable tetrahedral sites, suggested to playexaat role in the semi-

conducting properties of the compound [17,52,53].

3.2 Probing the crystal chemistry: the Zn-Sand Cu-Sbonds. A further step into the study of the Zn uptake basn carried
through the Cu K-edge XANES of the reference CZR&T50 in Figure 4) and of the M2_15 sample, tagettith some
structurally related Cu sulphides standards ofGheS compositional field [54]. The spectra coulchtcibute to confirm if
the local structure around Zn atoms is compatibite ®ZTS excluding the precipitation of binary zisglphides during the
M2 synthesisKig. 4). Sample M2_15 shows great similarity with synithe@ticrocrystalline CZTS (kes750 — obtained by
means of solid state synthesis [55]); besidesiinite-line” (roughly at 8984 eV) in the XANES remis of these two sam-
ples clearly distinguishes from the other Cu suphkireported in Figure 4. EXAFS (at Cu and Zn Kegddyg Kes750 and
M2_15 samples, along with the respective Fouremmdforms are shown in Fig. 5a and b. The correspgndultiparameter
fits are also reported in the same Figures 5 aadithresults in Table 2. It is worth to notice thhe second shell signal is
clearly present in Kes750 but it cannot be clealdgerved in M2_15. This is in reasonable agreeméhtthe lower order-
ing expected from the extremely small crystallibeswith a non-homogeneous distribution of the Zona (zoning) in the

6



CZTS structure of the M2_15 samples. Still, in sea2_15, both Cu- and Zn-S bonds show distanceemely close to a
CZTS structure (e.g. ref [524nd references therein) and result in the typieage of a four-fold coordination with S.
EXAFS and XANES data thus strongly point towardsiticorporation of both Cu and Zn in a CZTS streein the M2_15

sample.

3.3 Magnetic properties: the undirect proof of the zinc uptake. All the data presented so far strongly support,rfmitconclu-
sively prove, the Zn uptake by M2_15 sample in@1&S structure. EPR and magnetometric measurencantprobe the
crystal chemistry of the Cu/Zn mixed occupancyssitethe M1_8 and M2_15 samples, excluding the IEp(esence in the
M2_15 sample and ultimately confirming the Zn ugtétk theM 2 method [9]. Indeed, the recorded EPR and magnétmme
features for the M1_8 sample can be ascribed tpthsence of about 1 apfu of Cu(ll), necessaryctiexe the charge bal-
ance in agreement to the stoichiometry reportefiainie S3 (see Supporting Information). Conversttlg, EPR spectrum of
the M2_15 sample (Figure 6a) is characterized leyptesence of two signals, one centred at ~314.7and relatively
broad (peak-to-peak line widtAHpp, ~41.3 mT) and one very narrodHpp = 0.70(1) mT), centred at 339.42(1) mT. Un-
der the adopted operating frequency, the lattéd fralue is very close to that expected for a g&<ignal. For this reason,
we attribute this signal to an electron not belaggio a specific metal ion, but to a “free electrdre. to a colour or to a
Frenkel centre. This feature, although unexpedtedot new for sulphides: Di Benedetto et al. [Béje already noticed a
similar occurrence in synthetic tetrahedrite {£SbS5), and its presence was related to the complexreldc structures of
all sulphide minerals having nominally divalent @s e.g. in covellite [57]). Concerning the brogghal, its spectral fea-
tures undoubtedly point to the attribution to Cu(IThe average g-value, 2.16, as well as the asymroé the signal are
closely resembling those already described in aB€ZTS [41]. In the natural phase, the mass balafithe divalent cation
in CZTS is usually achieved by solid solution amalivplent cations stable under sulfidic conditigns. Zn, Fe, Cd, Mn,
...). Thus, the amount of Cu(ll) in the natural saenphn be considered largely subordinate to thdiebther divalent cati-

on.

The similarity of the present spectrum with thathed natural sample points to a similar context(lLis not an abundant
species in M2_15 sample (Tab. 1) confirming that thixed occupancy sites in the CZTS structure bm@st completely
occupied by Zn(ll).

An esteem of the paramagnetic content of the sampleied out under the assumption that the ungpramagnetic ion is
Cu(Il), was performed through SQUID magnetometnigestigations. The sample is substantially diamagir a large in-

terval of temperatures between 298 and 100 K. Emperature lower than 100 K, the sample exhibitgeak paramag-



netism. This ambiguous behaviour can be explaioedidering that for a very weak paramagnet (i€uaZn,SnS sample
with x < 0.5) the correction for the diamagnetifor T > 100 K is of the same order of magnitudegwen greater, of the
paramagneticy. A determination of the actual Cugtihtent is, under these circumstances, almosepted. The low con-
tent of Cu(ll) in the sample, while being in lindtkvthe evidences of the EPR spectroscopy, indirecnfirms the uptake
of Zn(ll) in the sulphide crystal 3.Electronic proprieties: band gap. DRS measurements were performed to estimate the
band gap energy of M2_8 and M2_15 samples. The fapdialue has been obtained by extrapolatingya@nrauc plot (Fig.
6b)[58], the linear part of the (A-Eunction [59,60]. The value, 1.6 eV, obtained aitbcases, compares well with the data
reported in the literature [61] for microcrystaiitCZTS (1.4-1.6 eV) and is in line with the idealue of 1.5 eV[62—-64].
The 100 meV discrepancy between the ideal and empatal value of the band gap is compatible witti-established lim-

it of the Tauc’s plot extrapolation for CZTS nander&ls due to the effect of the tail states (obadh tails) [65,66]. The
results here obtained are fully compatible with diptimal range for solar energy conversion (i.@gtpvoltaic and photo-

catalytic applications).
4 Discussion

In this study we compare two different solvothermmathods ¥ 1 andM 2) finding better results in the products of e
syntheses. The main improvements reside in therdift degree of zinc uptake in the sulphide strecamd monophasicity
of the products: th&#11 method provides GuZn,SnS samples containing up to 0.1 zinc apfu, whereasegaup to 1 zinc

apfu were achieved with thd2 method.

Although the higher thermodynamic stability of CZ®8er kuramite, the lack of a stoichiometric uptaifeZn in theM 1
synthesis even under the same thermodynamic conslitifM 2 syntheses suggests that a kinetic control maypleeative

during the reactive process in solution leadinthtodifferent outcomes ®fl 1 andM 2 processes.

Assuming that the precipitation of the multinarypudes proceeds through the formation of multinelysters[57] where
Cu and Sn must be present, the ratio of Cu(ll)AZnfl the most favourable species (coordination poond or solvated
ions) is probably the crucial variable to set tifeedence between the kuramite and CZTS. Indeealstiubility of the bina-
ry sulphides sheds some light on the descriptioth@freactive pathway from the solvated ionic spetdbwards the precipi-
tated multinary sulphide (i.e. kuramite or CZTShSZ(either cubic or hexagonal) is by far the mo#sitlde among the binary
sulphide considered as intermediates of reactien fing and CyS) [67—69]. This suggests, that during Mé synthesis,
the sulphide anions produced by the decompositioiJoare immediately sequestered in the form ofdberesponding Cu
and Sn-bearing ternary clusters sulphides. Thesfatmation of Zn-bearing multinary clusters torfoa quaternary phase or

even the precipitation of ZnS is, to some extaritibited. Although, these considerations are groamdolubility data avail-
8



able only for water solutions; even taking into sideration that the solution water-EG is non-id&8l, they qualitatively

justify the different outcomes of the synthebts andM 2.

Regarding the rate determining steps ofhe andM 2 process, the difference has to be related todimadtion or the de-
composition of the coordination compounds. To aupvdedge it is not clear in the literature if th@shfavourable species
for the formation of the multinary clusters are thmurea coordination compounds or the solvated {@7-29]. Hence, we
can only infer that the formation or the decomposibf the metal coordination compounds with the&uhas to be consid-
ered the rate determining step for this reactioriuther relevant point concerns the chlorine copthighlighted in Table
S3. This contamination, already observed in a presireport on solvothermal Fe-bearing kurafiiiteould be due either to
the incorporation of chloride anions in the sulghistructure as side product of the solvothermathgges or to a co-
precipitation of some metal chloride. Data in TaBR point to the incorporation of ‘Gh the precipitate only in the case of
the M1 solvothermal synthesis. Conversely, no trace tdrade incorporation is found in thi2 syntheses (Tab. S3), at
least at the level of accuracy of the EDX analy$iss suggests that théd2 synthesis occurs via a reaction path different

from that of theM 1 process.
5 Conclusion

From the above mentioned considerations, the miffierehce between the one-pigtl and the two-steps 2 approaches
resides in the occurrence, during the former, €dlaation state for metals where the TU is not cexipg them (at least not
quantitatively). This difference largely influence nature of the final products. The comparisdh the known literature
sheds light on the effect of the Zn counter iothi@ uptake of Zn by the GyZn,SnS [17-29]. In particular, comparing with
the scheme proposed by Bahramzadeh ¢13].and concerning, among others, the precipitatiomfroetal salts and TU in
EG, we point out that in our case no evidence efftimation of organised structures (e.g. sheédseg rods) are observed,
and only sub-spherical particles are detected.prbduction of solvothermal CZTS, with the nominak¢Zn,SnS, compo-
sition with x> 0.5, carried out through th@2 method proved to be a procedure able to provide g@nopowder products,
minimising both energy consumption (through short duration and the lowest applicable temperatfisymthesis) and en-
vironmental costs (through the removal of unneagss@emicals during the synthesis). Moreover, libthtwo methods ap-

pear fully scalable to a reactor or even to a pectda level.
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Captionsto figuresand tables

Table 1. EDS semiquantitative microanalytical data of sahthe investigated samples (expressed as wt%)uiar coeffi-
cients are recalculated based on 8 atoms per faromit. Nd-not detected. The row labelled “thec&gants the theoretical
values.

Table 2. EXAFS multiparameter fit results for samples M2 ahd kes750 performed at the Cu (up) and Zn (d&{meiges
(D.T. Debye Temperature).

Figure 1. A tilted perspective of the two endmembers of tlig,Zn,SnS solid solution (a) kesterite and (b) kuramite.
Figure 2. SEM micrographs of the M1_8 (a, ¢) and M2_15 {lsamples. Magnification: (a, b) 13500X; (c,d) 3GR0
Figure 3. Full XRD pattern of the M2_15 sample; reflectiare indexed according to the kesterite crystactire, JCPDS
26-0575[48].

Figure 4. Comparison of normalized XANES spectra measureduak-edge for samples M2_15 and Kes750 with tradse
various Cu sulphides. M2_15 is a spectrum of tmepda obtained by means of tMe2 method, Kes750 is a synthetic CZTS

obtained by means of a solid state synthesis [B8]the other spectra refer to natural samples geavby the Mineralogical

Section of the Natural History Museum of the Unérgrof Florence.
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Figure 5. Cu and Zn K-edge EXAFS (left) and Fourier transfdright) of M2_15 and Kes750 sample. Graphs iara) b)

refer to the Cu and Zn K edges, respectively. Brpemntal data are reported as black lines whildirexb represent fits.

Figure 6. a) X-band EPR spectrum of the M2_15 sample, regidtat room temperature, b) Tauc plot derived filoenDRS

spectrum of the M2_15 sample.

15



Synthesis S (Wt%) Cu (Wt%) Zn (Wt%) Sn (wt%) Cl S Cu Zn Sn cl
(wt%)  (apfu)  (apfu)  (apfu)  (apfu)  (apfu)

M18  315(4) 401(5) 19(3) 258@4) 081 418 268 012 092 009

M2.15 27.1(3) 277(6) 15(1) 3018 Nd 383 198 105 115

theo 29.2 28.9 149 27.0 0.0 4 2 1 1 0



Amp Shell RA) AP PT.(K) Amp  Shell RA) A?) DT (K
Cu K-edge Zn K-edge
071(5) 4S 2.311(5) 0.005(1) 0.79(8) 4S 2.339(5) 0.003(1) -
8(Cu,Zn)  3.883(8) - 143(9 8 (Cu,Zn)3.847(8) - 155(13)
kes750 4 Sn 3.883(8) - / 4Sn  3.847(8) - i
4s 450(1) - 189(18 4s 4.46(1) - 245(37)
8s 458(1) - ! 8s 454(1) - "
M2 0.75(5) 4S 2.300(5) 0.006(1) 0.92 4s 2.339(5) 0.007(1) -
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Highlights

e Synthesis of Cu,ZnSnS, without surfactant and under mild conditions

*  Cu,ZnSnS,synthesis exploiting metal thiourea complexes as precursors
¢ Nature of the chemical limitations in uptaking Zn under this approach
e Crystal chemistry, composition and properties of the best product



