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We report the gram-scale synthesis of Cu-poor CZTS nanocrystals (NCs) with tuned shape and composition, by using a

facile phosphine-free heat-up procedure. Based on the detailed characterization and analyses on the evolution of crystal

phases, composition, morphologies and optical spectra over the reaction stage and temperature, we explore the reaction

mechanism. The synthesis reaction involves the formation of binary CuS (covellite) nanoparticles at room temperature,

and the conversion from the as-formed CuS to intermediated Zn-Sn-codoped CuS NCs at 150 oC and finally to quaternary

CZTS NCs in kesterite phase at 220 2C, during which the NCs gradually grow due to the progressive incorporation of foreign

cations (Zn?* and Sn%) to the as-formed CuS NCs. The introduction of dodecanethiol (DT) leads to the formation of bullet-

like CZTS NCs in wurtzite phase. The Cu-poor CZTS synthesis is reproducible by up-scaling the amounts of chemicals and

solvent/ligand, which allows us for a promising approach of gram-scale production of Cu-based chalcogenides for potential

applications in photovoltaics.

Introduction

Quaternary copper-based chalcogenides, particularly 1-11-IV-Vla
compounds including copper zinc tin sulfide (Cu;ZnSnSs, CZTS),
copper zinc tin selenide (CuxZnSnSes, CZTSe) and CZTSSe have
garnered considerable attention in the past years and have been
extensively explored as potential applications in the fields of
photovoltaics (PVs)!> and thermoelectric materials.58 Among these
compounds CZTS emerged as a promising photovoltaic (PV)
material due to many advantages such as earth-abundant, low-cost
and relatively non-toxic component elements, optimal direct band
gap (~1.5 eV) and high absorption coefficients (>10% cm) in
wavelength of visible region.®1¢ CZTS compound presents variety of
compositions and crystallographic systems including kesterite,
zincblende and wurtzite,’1® both are great importance to the
performance of the PVs derived from the absorber layer of CZTS
NPs.14 20 |t was experimentally demonstrated that in PV devices
fabricated with CZTS materials, Cu-poor (i.e. [Cul/([Sn]+[Zn])<1)
composition offered improved properties and performances. 21 22
Consequently, a fine control of the crystal structure and cation
ratios in the CZTS NCs during the synthesis is fundamental and
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critical to optimize functional properties.

On the other side, among various approaches of fabricating thin
films for PVs, low-cost solution-based technique has emerged as
compelling alternative to vacuum ones. Overall, the solution-based
methods might be either a molecular precursor solution procedure
followed by thermal annealing etc., 2 102326 or a deposition of
colloidal NCs which involves casting or printing the NC dispersions
on various substrates.?’-2° Compared with a vacuum route, the
colloidal deposition offers potential advantages such as low cost of
equipment, good compatibility with flexible substrates and high
throughput production.27-2% In order to obtain colloidal CZTS NCs for
PVs, various synthesis approaches including heat up,3035 hot
injection,36-38 hydrothermal,3® thermolysis*® and cation exchange?!,
have been explored in the past years. Among these techniques
heat-up procedure, with the advantages including scalability and
well-controlled physic-chemical properties of the produced NCs, has
gained popularity by many groups after Steinhagen et al. reported
for the first time the generation of kesterite phase CZTS via this
method. 42 In their work, CZTS NCs with average crystal size of 10.6
+ 2.9 nm were obtained by heating the suspended mixture of metal
precursors (salts serving as Cu, Zn and Sn sources) and anion
precursor (elemental sulfur) in oleylamine (OM) at 280 °C for 1 h.

The synthesis of quaternary NCs by either hot injection or heat
up approach involves the formation of intermediated binary or
ternary NCs due to the different reactivities between various
cationic and anionic precursors, which is very essential for the
control of the shape and composition of the resulting quaternary
NCs.*3 Few reports on monitoring the evolution of Cu-poor CZTS
formation are available yet although much effort has been made in
tuning the morphologies and compositions of CZTS NCs. In our

J. Name., 2013, 00, 1-3 | 1


http://dx.doi.org/10.1039/c7ce00223h

Published on 22 February 2017. Downloaded on 22/02/2017 15:12:11.

CrystEngComm

previous report on the heat-up synthesis of CIGS NCs, we observed
the formation of binary covellite (CuS) during the heating process.**
The intermediated CuS NCs acted as seeds for the following
formation of CIGS due to the incorporation of In3* and Ga3* into the
as-formed CuS NCs.

All the above-mentioned motivated us to investigate the crystal
shape/phase control and to understand the related reaction
mechanism of Cu-poor CZTS using a facile heat-up procedure. This
method is phosphine-free and just involves mixing the metal
precursors with S precursors, both pre-dissolved in octadecene
(ODE) and OM, followed by degassing and heating up to 220 °C (as
the typical reaction temperature) for 30 min. It is interesting that
the synthesis involves the conversion from binary CuS at room
temperature (RT) to Zn-Sn-codoped CuS NCs at 150 °C during the
heating, and finally to quaternary CZTS at 220 °C. By scaling up the
amount of all chemicals/solvent to 10 fold in the synthesis we could
obtain gram-scale (e.g. 1.164 g) Cu-poor CZTS NCs in one-pot
reaction.

Experimental

Materials

Analytical grade copper (Il) chloride dehydrate (CuCl,-2H,0, 98%),
tin (1) chloride (SnCl;, 99.99%) and sulfur metal powder (S, 99.9%)
analytical grade were purchased from Sinopharm Chemical Reagent
Co. Ltd., 1-octadecene (ODE, 90%), dodecanethiol (DT, 98.0%),
oleylamine (OM, 70%) and zinc chloride (ZnCl,, 99.99%) were
purchased from Sigma Aldrich. Acetone (99.9%), toluene (99.9%)
and ethanol (90%) were obtained from Fisher Scientific. All
chemicals and solvents were used as received without further
purification.

Synthesis of Cu-poor CZTS nanocrystals

All the CZTS NCs were prepared based on a modified heat-up
protocol for CIGS NCs previously reported by Dilena et al.** The Cu-
poor samples were achieved by tuning the precursor molar ratios of
Cu:(Zn+Sn). Typically, a metal cationic precursor solution was
prepared by degassing a mixture containing CuCl,.2H,0 (1.0 mmol
Cu), ZnCl; (0.8 mmol Zn) and SnCl; (0.5 mmol Sn), 8 mL ODE and 8
mL OM in a 50 mL three-necked flask sealed with rubber septa, at
130 °C under vacuum for 30 min, followed by cooling to room
temperature (RT) under Ar atmosphere. The S anionic precursor
solution as-prepared by dissolving elemental S (5.2 mmol) in 2 mL
OM and 2 mL ODE at 130 °C and followed by cooling to RT was
added into the cationic precursor solution and the system was
degassed at RT for additional 30 min. The as-obtained dispersion
was then put under Ar atmosphere and heated up to 220 °C, and
the reaction was kept at this temperature for 30 min. The heating
mantle was then removed and the reaction vessel was allowed to
cool to RT. The resulted dark brown solution was cleaned twice by
ethanol followed by centrifugation at 4000 rpm for 5 min , and
finally was dispersed in toluene (4 mL) for further characterizations.
The precursor molar ratios of Cu:(Zn+Sn) was tuned in order to
investigate its effect on the final composition of CZTS, and aliquots
were collected during the heating up in order to monitor the
formation mechanism of CZTS NCs. In the synthesis of bullet-like
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NCs CZTS, DT was introduced when we prepared the cation
precursor. The gram-scale synthesis of CZTS NCs was performed by
using the same procedure mentioned above except all of the
precursors, solvent and ligand were scaled up to 10 fold and the
flask was 1000 mL.

Transmission electron microscopy (TEM) analysis

TEM and high-resolution TEM (HRTEM) measurements were
performed on a JEM 2100F (Japan) microscope equipped with a
field emission gun working at 200 kV accelerating voltage. The
samples were prepared by drop-casting nanocrystal (NC) solutions
on copper grids covered with an ultrathin amorphous carbon film,
which were then placed in a high vacuum pumping station in order
to let the solvent evaporate completely and preserve the NCs from
oxidation. The energy dispersive X-ray spectroscopy (EDS)
elemental maps of Cu, Zn, Sn and S were collected with high angle
annular dark field scanning TEM (HAADF-STEM) mode on a Tecnai
G2 F30 (FEI, Holland) microscope. For STEM-EDS elemental mapping
the sample was prepared by drop-casting NC solutions onto carbon-
coated gold grids.

Powder X-ray diffraction (XRD)

The phase and crystallinity of the as-prepared samples were
characterized by XRD on a Bruker D8 Advanced X-ray diffractometer
with a Cu-Ka X-ray source under the operation conditions of 40 kV
and 40 mA. The specimens were prepared in an Ar-filled glove box
by drop casting the concentrated NC solution onto glass substrate
followed by drying.

ICP-AES analysis

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
was performed on Prodigy 7 spectrometer (LEEMAN LABS Ltd) for
quantification of elemental composition of NC samples. The
samples were decomposed in aqua regia (HCI/HNOs equal to
v:v=3:1) overnight prior to the measurements.

UV-Vis-NIR spectroscopy

UV-Vis-NIR extinction spectra on the as-achieved CZTS NCs were
performed on a UV1601PC spectrophotometer (Shimadzu, Japan) at
RT in the range of 300-2000 nm. The NPs dispersed in toluene were
transferred in a cuvette and sealed, and taken out of the Ar-filled
glove box for the optical spectra measurement.

X-ray photoelectron spectroscopy (XPS)

The samples for XPS were prepared in the Ar-filled glove box by
drop-casting NC solutions on a glass substrate, which was then
transferred to the XPS set-up. Measurements were performed on a
Thermo scientific 250 Xi spectrometer with a monochromatic Al Ka
X-ray source (15 kV, 20 mA). The pressure in the analysis chamber
was maintained below 9x10710 Torr for data acquisition. The binding
energy (BE) scale was internally referenced to the C 1s peak (BE for
C-C=284.8¢V).

This journal is © The Royal Society of Chemistry 20xx
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Thermo gravimetric analysis (TGA)

The measurement of mass changes and thermal effects between 25
°C to 600 °C has been carried out using Simultaneous Thermal
Analyzer (STA 449 F3 Jupiter). Powder sample of CZTS NC were used
for analysis TG-DSC under Ar atmosphere.

Results and discussion
Synthesis of pseudospherical and rice-like Cu-poor CZTS NCs

We noticed that the final fraction of each element in the resulting
CZTS NCs didn’t match the molar ratios designed in the precursor.
The Cu is rich and content of Zn is very low, which is due to the low
reactivity of ZnZ* ions (relative to Cu and Sn) with S species.'’
Indeed, in a designed synthesis with stoichiometric precursor, that
is, by fixing starting Cu:Zn:Sn:S molar ratio as 2:1:1:4, we observed
that the atomic percentages of the final CZTS NCs is 27.6, 4.0, 15.8
and 52.6% (found by ICP analysis), respectively, indicating a
composition of Cuz1Zno3Sn1,Ss (see the details in Fig. S1 of the
Electronic Supporting Information (ESI)). Consequently, we
increased the starting Zn2* fraction and decreased the Cu?* amount
in the precursors in order to obtain Cu-poor CZTS NCs. The
TEM/HRTEM images, XRD patterns and optical spectra of the
representative samples are displayed in Fig. 1 and more details are
reported in Fig. S2-54 of the ESI. As depicted in Fig. 1a-c and ESI Fig.
S3, all of the resulting CZTS NCs are uniform in size. The majority of
NPs were in pseudospherical shape when the precursor Cu:(Zn+Sn)
ratio was in the range from 1:1.3 to 0.8:1.3 (Fig. 1a,b). However,
some NPs were rice-like in case of starting Cu:(Zn+Sn) ratio below
0.6:1.3 (Fig. 1c). The analyses of XRD patterns ambiguously
identified that kesterite hexagonal phase (JCPDS: 00-026-0575) of
CZTS was formed both in the Cu-rich CZTS NCs (Fig. S1 of the ESI)
and in the Cu-poor ones in case of starting Cu:(Zn+Sn) ratio higher
than 0.6:1.3, without other phases or side-products formed in the
resulting sample (Fig. 1g and Fig. S2e of the ESI). The XRD patterns
with peaks at 28.5°, 47.3°, and 56.1° could be indexed with the
planes (112) (220) and (312) in kesterite phase of CZTS NCs. The
HRTEM analyses (Fig. 1d-f) on the typical single NPs of the above
three samples are in good accordance with the XRD identification.
However, as the Cu-poor increased, secondary phase of
orthorhombic SnS (JCPDS: 00-014-0620) was also identified from
XRD analysis besides kesterite phase of CZTS (see the details in Fig
S2e-f of the ESI), which indicated that the direct reaction between
Sn2* with S is not ignored in the presence of much more excess Sn
precursor. We also noticed that in this case the resulting sample
contained some pyramid-like NCs, which were further identified as
orthorhombic phase of SnS NCs by HRTEM analysis (Fig. S4 of the
ESI).

Based on the RT UV-Vis-NIR absorption spectra (Fig. 1h), the
direct E; of the representative three Cu-poor CZTS samples
determined via plotting (athv)? as a function of the photon energy
(hv) (a=absorption coefficient, h=Plank’s constant, v=frequency),
were 1.53, 1.5 and 1.42 eV, respectively (Fig. S2h of the ESI).*>
These results are consistent with the previously-reported Eg values
of CZTS NCs obtained by various approaches.13.45.46

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a-f) Morphological characterization of the representative Cu-
poor CZTS samples and corresponding single nanocrystals: TEM (a-c)
and HRTEM (d-f) images of Cu-poor CZTS NCs with compositions of
Cu1.8ZNnoeSN1.5S4 (Cu:(Zn+Sn)=14%) (a,d), Cuy15Znp.7SN1.7S4
(Cu:(Zn+Sn)=37.5%) (b,d) and Cuj.4ZnosSnieSs (Cu:(Zn+Sn)=44%)
(c,f), respectively. The composition was found by ICP analyses. XRD
patterns (g) and absorption spectra (h) of the corresponding Cu-
poor CZTS NCs shown in a-c. The kesterite (JCPDS No. 00-026-0575)
database is provided at the bottom of panel g.

Synthesis of Cu-poor bullet-like CZTS NCs

The reactivity of cation or anion precursors, reaction temperature
and the ligand species were found to be important factors for the
control of the crystallographic phase in synthesis of CZTS NCs.17:19
33 |t is interesting that by introduction of DT, we obtained bullet-like
CZTS NCs, which evolved to wurtzite phase as DT amount increased
(Fig. 2b-c and Fig. S5 in the ESI). We noticed that the diffraction
peaks at 28.5°, 47.3°, and 56.1° could be assigned to either the
planes (112) (220) and (312) of kesterite or the planes (002) (110)
and (112) of wurtzite phase, respectively. However, the emerging
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peaks at around 27.1°, 30.7° and 51.7° as DT increased to more than
2 mL are ambiguously indexed to the (100), (101) and (103) planes
of wurtzite, respectively (Fig. 2g, green and red curves).*> 47 The
attribution of wurtzite phase is further evidenced by HRTEM
analyses on single NCs (Fig. 2e-f). The crystal planes in some single
NCs are not regular due to the defects. The phase evolution in our
work is in agreement with what observed by Li et al.,’® that is, the
highly reactive small molecule H,S generated by reaction of
elemental sulfur with OM vyielded the formation of kesterite phase,
however, the reaction in the presence of long alkane chain DT led
to the formation of wurtzite phase. Furthermore, the DT functioned
as not only S precursor but also capping ligand, which tailored the
growth of nuclei and led to the formation of bullet-like NPs.

H202)

—L¥ 2mL DDT
A

A 0.5mLDDT
TKesterite (JCPDS 26-0575)

>

Intensity (a.u) Q
Absorbance (a.u) I

b3 8 o
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W

Fig. 2 (a-c) TEM and (d-f) HRTEM images illustrating the bullet-like
CZTS NCs obtained at 220 °C for 30 min in presence of different
amounts of DT: 0.5 mL (a,d), 2 mL (b,e) and 4 mL (c,f). XRD patterns
(g) and optical spectra (h) of the corresponding CZTS NCs shown in
a-c.
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Growth mechanism of Cu-poor CZTS NCs

In order to gain deep insight into the formation mechanism of the
Cu-poor quaternary CZTS NCs, we collected the intermediated NCs
by cleaning and precipitating various aliquots at different
temperatures during the heat-up, and monitored their evolution of
morphology, size, phase and optical spectra (Fig. 3 and ESI Fig. S6-
S7 of the ESI). It is noteworthy that binary covellite phase (CuS) of
NPs was already formed at RT (Fig. 3a, d, g), which evolved to bigger
NPs by keeping overall the covellite phase with small amount of Zn
(1% relative to Cu, found by ICP analyses) and Sn (8% relative to Cu)
at 150 °C (Fig. 3b, e, g). The lattice fringes of the NC identified from
HRTEM images exhibits interplanar distance of 1.87 A, which is
attributed to the (110) plane of covellite phase and is consistent
with the XRD characterization (Fig. 3d-e). Quaternary kesterite CZTS
NCs were formed when the temperature was raised up to 220 °C
(Fig. 3c, f, g). Overall the average size in diameter of the aliquots
increased with increasing reaction temperature, from approx.
4.0£0.5 nm at RT, to 13.5%2.5 nm at 150 °C and finally to 19.4+2.4
nm at 220 °C (Fig. S7 of the ESI). The conversion from binary NPs to
quaternary CZTS could be also evidenced by evolution of optical
spectra of the various aliquots (Fig. 3h), among which the NPs
collected at temperature bellow 150 °C exhibited a well-defined NIR
plasmon absorbance, a feature of binary NCs of copper
chalchogenides.*8 49 In comparison, the absorbance intensity of CuS
collected at RT is weaker than that of NCs collected at 150 °C, which
might be due to the surface scattering of the NCs with small
dimensions at RT.5° With increasing reaction temperature the NIR
plasmon absorbance faded and finally vanished due to the
progressive diffusion of cations (ZnZ* and Sn?*) into the as-formed
covellite CuS NCs and to the formation of quaternary CZTS, during
which the NCs grew progressively bigger. We need to point it out
that the diffusion of foreign cations into CuS NCs could proceed
even at 150 °C by keeping the reaction for longer time (e.g. 30 min),
which also allowed the conversion from Zn-Sn-codoped CuS to
quaternary CZTS NCs (Fig. S8a,g of the ESI), although the resulting
NCs are not uniform in size compared with those achieved at higher
temperatures (Fig. S8b-c of the ESI).

The conversion from binary copper sulfide nanoparticles (NPs) to
ternary or quaternary ones was observed either in a direct
preparation or in a post-chemical synthesis of CZTS NCs, which
usually involved the partial cation exchange (CE) between M**
(M=lIn, Zn, etc.) and Cu* within Cu,S or Cu,,S with composition close
to Cu,S (e.g. Cuy.04S).5153 Pateter et al. reported the transformation
from Cu,,S (close to Cu,S) to CZTS via CE during the synthesis of
CZTS NCs by using a hot injection of DT into the metal precursors at
150 °C followed by heating up to 250 °C for 60 min.>3 Stam et al.
reported the CulnS; (CIS) synthesis by partial CE in Cu,4S NCs.5* This
partial CE even worked in alloyed Cu,.S,Se1.y, which acted as seeds
for the formation of Zn- and Sn-exchanged NPs.>5 Cu,S (Cu,«S close
to Cu,S as well) readily undergo CE due to the relatively mobile Cu*
ions in a stable anionic framework of Sz, which allowed for the
substitution of Cu* with guest cations under the specified
environment. However, the mechanism of the conversion from
covellite CuS seeds formed at RT to quaternary CZTS NCs with
increasing temperature is different with that previously reported.
The crystals structure of covellite CuS is different with that of Cu,S

This journal is © The Royal Society of Chemistry 20xx
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due to the presence of S-S covalent bonds. In general, the CE on CuS
or incorporation of CuS with foreign cations involve the rupture of
S-S bonds and re-organization of anion framework, which requires
appropriate electron donor such as ascorbic acid.>® In the present
work, OM and ODE might act as reducing agent to provide electrons
particularly at high temperature,>” which triggered the breaking S-S
bonds and thus facilitated the incorporation of the as-formed CuS
NCs by ZnZ+ and Sn2* ions.

g 20c | [ —RT
(o ~—-150°C
_ TKesterite (JCPDS 26-057: 3 prmm o
3| B (ﬁ_ 3 L 20°C
& [ F % | e
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Fig. 3 (a-f) TEM (a-c) and HRTEM (d-f) images of the aliquots
collected at different reaction temperature during the heating up.
XRD patterns (g) and optical spectra (h) of the corresponding
samples shown in a-c.

A survey XPS spectrum of the representative Cu-poor CZTS NCs
identifies the presence of the Cu 2p, Sn 3d, Zn 2p and S 2p (Fig. S9a
of the ESI). Consider that the oxidation states of Cu and Sn in the as-
reported CZTS are +1 and +4,% respectively, which are different
with the corresponding valence states in their precursors
(CuCl,.2H,0, SnCl,), high resolution XPS was performed and four

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

constituting elements of CZTS NCs was analyzed (Fig. 4). The peaks
located at 931.3 eV and 951.3 eV with a split orbit of 20.0 eV
matches well with the binding energies (BE) of Cu 2ps/; and Cu
2p1/2, respectively, which unambiguously confirms the assignment
of monovalent state of Cu ions (Cu*) (Fig. 4a). We noted that the
oxidation state of copper is solely Cu* since no any Cu?* satellites
are observed from XPS. The Sn 3d core peaks split into 3ds/, (485.7
eV) and 3ds/, (494.3 eV), respectively, which could be assigned to
the tetravalent state of tin ion (Sn**) (Fig. 4b). The XPS peaks of Zn
2p centred at 1020.1 eV (2p3/2) and 1043.2 eV (2p1/2), respectively,
are in accordance with the valence value of Zn?*. The spectrum of S
2p could be splitted into two peaks located at 161.3 eV (S 2p1,2) and
162.4 eV (S 2pss) (Fig. S9b of the ESI), respectively, which is
consistent with mono-sulfide (SZ). All these analyses of valence
states are in agreement with the previously reported XPS results of
the corresponding elements in CZTS compounds.4®

c
Cu2p Zn2p
2p3/2 2312
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Intensity (a.u.)
Intensity (a.u.)
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Fig. 4 High resolution XPS of Cu 2p, Zn 2p Sn 3d, and S 2p from the
Cu-poor CZTS NCs.

Reproducible gram-scale synthesis

The heat-up synthetic approach in our work can provide a desirable
procedure for gram-scale synthesis of Cu-poor CZTS NCs with
reproducible phase, composition, morphology and optical
absorption spectrum. We confirmed the scalability in a 1000 mL
flask by increasing 10-fold amounts of all chemicals, solvent and
capping ligand relative to the typical synthesis previously described
in the experimental section. That is, 40 mL of S precursor solution (S
pre-dissolved in 20 mL of ODE and 20 mL of OM) was added in 160
mL metals dispersion with 80 mL of ODE and 80 mL of OM. The
mixture was then degassed at RT for 30 min, followed by heating up
to 220 °C under Ar flow and reacting for 30 min to produce the CZTS
NCs. Fig. 5 and Fig. S10 of the ESI report the characterization results
of the up-scaled synthesis, from which one can see kesterite phase
of CZTS NCs with uniform size (16.8 + 1.6 nm) was indeed achieved.
The STEM-EDS elemental maps of a typical group of NCs confirmed
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the homogeneity in composition since the Cu, Zn, Sn and S were
evenly distributed inside the NCs, with a final average Cu:Zn:Sn:S
molar ratio 1.8:0.7:1.5:4.0 (Fig. 5 and Fig. S10 of the ESI). The band
gap energy calculated by plotting (ahv)? versus hv was 1.39 eV (Fig.
S10c of the ESI). We noted that the synthesis yields of the Cu-poor
CZTS NCs estimated based on the comparison of the total weight of
the final compound and that of the starting precursors, where the
ligand weight calculated from TGA analysis was subtracted, is only
48.47% due to the low reactivity of ZnZ+* with S species. All these
results are in consistent with the characterization of small-scale
synthesized sample (Fig. 1a,d,g-h) and all these features render our
synthetic route able to easily reproduce Cu-poor CZTS NCs with
uniform shape and size, homogenous composition and gram-scale
product.

Intensity (a.u) Q)

50 nm

Fig. 5 Characterization results of Cu-poor CZTS NCs obtained via
large-scale synthesis: (a) XRD pattern, (b) optical spectrum, and (c)
HRTEM image. (d) STEM-HAADF image of a group of Cu-poor CZTS
NCs and (e-h) corresponding Cu, Zn, Sn and S EDS elemental maps.

Conclusions

We have demonstrated a facile heat-up synthetic approach to
prepare kesterite Cu-poor CZTS NCs with tunable composition and
shape. This method involved the formation of binary CuS NPs at
low temperature (e.g. RT), the Zn-Sn-codoped CusS as intermediate
during the heating, and finally the quaternary CZTS NCs at high
temperature due to the progressive incorporation of binary NPs by
Zn?* and Sn?* cations. The introduction of DT led to the formation of
bullet-like CZTS NCs with wurtzite phase instead of kesterite. We
noticed that even the precursors of metal cations are CuCl, and
SnCl,, the oxidation states of Cu and Sn in the final CZTS products
are +1 and +4, respectively. The proposed synthetic methodology
provides a promising route for Cu-based NCs with the potential
applications such as PVs due to the tunability and scalability of the
reaction.
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