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a b s t r a c t

Presented is a study on the mechanochemically assisted synthesis of kesterite Cu2ZnSnS4 from the el-
ements for photovoltaic applications. Initial application of high energy ball milling under selected
conditions, including the highest achievable rotation speeds up to 1000 rpm, affords a pure cubic
nanophase with the nominal kesterite composition. The phase is tentatively called a pre-kesterite and it
is shown by EPR to be magnetic. Accordingly, it does not produce either 65Cu or 119Sn MAS NMR spectra.
Also, the material shows no well-defined absorption in the UVevis range and, based on this, does not
exhibit definite semiconducting properties. The highly disordered and defected structure with random
metal site occupation originated in the mechanochemical synthesis step is proposed to account for the
observed properties of pre-kesterite. Upon subsequent pyrolysis under argon at temperatures above
300 �C, preferably at around 500 �C, the cubic phase is converted to the tetragonal phase of kesterite,
apparently, by metal site reconfiguration. The annealed nanopowders show the expected 65Cu and 119Sn
MAS NMR characteristics. The Raman spectra support similar bonding environment and lattice phonon
characteristics for both related phases as well as the eventual formation of kesterite nanopowders
whereas their UVevis spectra provide the direct band gap in the range of 1.35e1.48 eV, typical for
semiconducting kesterite.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The quaternary metal sulfide Cu2ZnSnS4, referred to as kesterite
or CZTS, and the related stannite Cu2FeSnS4 have been in recent
years a subject of an intensive upfront research encompassing both
synthesis/characterization and utilization trials in inexpensive,
highly efficient, and environmental-friendly photovoltaic devices
[1e4]. It appears that in kesterite sulfur S can be partially or totally
replaced by selenium Se and zinc Zn by iron Fe leading to increased
cell efficiencies. For device applications, thin film formation
including vacuum-based techniques (sputtering, evaporation) or
nanoparticle ink applications (electrodeposition, powder metal-
lurgy) is usually applied. In the latter, kesterite nanopowders may
be used as the inorganic part of nano-contacts of the inorganic-
organic photovoltaic cell. For elucidation of fundamental proper-
ties, single crystals or micro- and nanocrystalline powders are
preferably synthesized. In this regard, there are still some chal-
lenging research targets to be revisited and explored to name such
issues as development of a simple, reproducible, and cost-effective
synthesis method(s) including the preparation of nanopowders,
clarification of the interplay between the structure/lattice disorder/
composition features and optical properties as well as, on the
application side, a need for increased kesterite-based cell
efficiencies.

There are published somewhat confusing reports on kesterite
composition and crystal structure/lattice order-disorder issues. The
problem has been addressed both theoretically [5e7] and experi-
mentally [8e12]. It appears that kesterite can tolerate a certain
degree of lattice defects andmetal position disorder, which impacts
cell point group symmetry and, consequently, the macroscopic
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crystal structure. Due to similar mass/size characteristics of the
metal centers Cu(I) and Zn (II), the powder XRD determinations can
provide with only limited information on detailed structural fea-
tures. Regardless of this, there are available quite a few XRD studies
reporting kesterite materials as orthorhombic [13], hexagonal
(wurzite) [14,15], or tetragonal of kesterite- or stannite-type
[16e18], the latter including the synchrotron radiation X-ray
diffraction report [19]. In the case of the kesterite phase of many as-
prepared materials, it is not uncommon, especially, for small par-
ticles with sizes below some 10 nm to treat it as tetragonal despite
the apparent cubic (sphalerite-type) appearance of the XRD pat-
terns [20e23]. In this regard, not easily available neutron scattering
measurements can in principle shed more light into the structural
details and order-disorder of site occupation of the evolving kes-
terite in multistep reaction pathways with an essential thermal
annealing step [8,24]. Similarly, the TEM/SAED/CBED case-study
examination of both the as-prepared and thermally annealed kes-
terite samples pointed out to complex structure characteristics of
the basically tetragonal phase that may include extensive lamellar
twinning and associated local hexagonal domains [17]. EXAFS
measurements for the kesterite Cu2ZnSnS4 e stannite Cu2FeSnS4
solid solutions enabled determination of the prevailing oxidation
state of iron as Fe (II) [25] whereas for pure powders of kesterite the
oxidation state of tin was confirmed to be Sn (IV) [26]. In general,
rare synchrotron spectroscopies (XANES, EXAFS) seem indispens-
able when coordination symmetry and chemical state of atoms are
of concern as definitely is the case of the compositionally/struc-
turally complex kesterite. Additionally, there is a great potential in
applications of Raman spectroscopy, especially, from a viewpoint of
potential binary and ternary metal sulfide contaminants in the
kesterite materials [15,21,27e30]. Also, solid state NMR measure-
ments that sample nuclei close range/local chemical environment
have come to play recently a significant role in elucidation of the
kesterite composition and purity [30e32].

High energy ball milling can often induce chemical reactions in
themechanically treated systemwhich are then called, accordingly,
mechanochemical reactions [20,33,34]. The method is simple,
automated, and convenient to perform but may have, potentially,
one downside of unintentionally introducing small quantities of
contaminants due to milling ball abrasion. The latter can be mini-
mized by using a liquid process medium (wet milling). Other
important processing factors include the number and size of mill-
ing balls, substrate weight, rotation speed, and milling time. This
method has been tried a few times for kesterite powder synthesis
both for achieving practical goals bymaking prototype photovoltaic
cells and for more fundamental studies of the relevant reaction
systems and product properties. Such a classification, at first glance,
may be somewhat artificial but it reflects the history of the ball
milling-assisted synthesis of kesterite. The optimum conditions for
efficient ball milling are presently offered by planetary ball mills
with the limiting speeds of up to 1000e1100 rpm.

The mechanochemically milled at 450 rpm constituent ele-
ments (applying either S or Se) were used to make thin films of the
raw product on glass supports to be subsequently annealed at
300e700 �C [35]. Depending on milling time of up to 30 h, the
milled powders were either mixtures of sulfides/selenides or the
supposed cubic CZTS/CZTSe whereas the second step high tem-
perature treatment was reported to cause mainly grain growth.
Similarly, milling the elements of a selected non stoichiometric
ratio at 290 and 580 rpm for up to 48 h resulted under favorable
conditions in the apparent cubic phase called the CZTS phase [36].
Sintering/annealing of pressed pellets of such raw powders at
500e700 �C caused grain growth with no clear-cut tetragonal
polytype evolution from the cubic precursor. A mechanochemical
route to single phase CZTS powder was also described in two other
reports [20,37]. In these cases, the component binary metal sulfides
were dry-milled at 400 rpm for 3 h and the resulting poorly crys-
talline cubic product was further annealed at 500 �C to yield a
tetragonal phase of kesterite. Other reports were concerned with
the mechanochemically assisted synthesis method for the related
stannite Cu2FeSnS4 [38] and Cu2ZnSnTe4 [39] and confirmed the
general utility of the method.

Herein, a comprehensive approach to the mechanochemically
assisted synthesis of kesterite from the elements at the highest
practically achievable rotation speeds is reported. A fundamental
difference in properties of the raw cubic powders from the mech-
anochemical milling step and the final tetragonal kesterite products
from the crucial thermal annealing at increased temperatures lays
the grounds for the concept of the former as pre-kesterite with
completely metal site disordered/averaged out positions to exhibit
no definite semiconducting but magnetic properties.

2. Experimental

2.1. Synthesis

(1) First step - mechanochemical milling. Weighted amounts
of commercially available powders of copper Cu, zinc Zn, tin
Sn, and sulfur S (Avantor Performance Materials Poland S.A.)
of the close to 2:1:1:4 stoichiometric ratio (typically, 2 at.%
excess of S) and totalling ca. 7 g were placed in the 20mL
grinding bowl of planetary micro mill Pulverisette 7 (Fritsch)
together with a set of 80 tungsten carbide WC of 5mm in
diameter balls and 6e7mL of xylene as a dispersion fluid.
The effective milling time ranged from 1 to 20 h, which was
realized by 3-minute milling cycles each followed by a 10-
minute idle period to prevent from bowl overheating. The
rotation speed was 900 or 1000 rpm; the latter was the
highest achievable speed with the applied set of the bowl
and balls. After milling, the bulk of solvent was evaporated/
dried at room temperature and the resulting black solid was
transferred to a flask to be further evacuated for 1 h.

(2) Second step - pyrolysis. After sampling the raw product for
characterization, it was subjected to pyrolysis in an alumina
boat crucible for 6 h under an argon flow of 0.05 L/min at
temperatures ranging from 200 to 800 �C. The off-black
product was evacuated for 0.5 h at room temperature to
afford the target material.
2.2. Characterization

All products were characterized by standard powder XRD
analysis (Empyrean PANalytical, Cu Ka source; 2Q¼ 10e110�).
Average crystallite sizes were evaluated from Scherrer's equation
applying the Rietveld refinement method. Helium densities were
obtained by Micromeritics AccuPyc. Selected materials were
investigated by photoelectron spectroscopy XPS (Vacuum Systems
Workshop Ltd., Mg anode with photon energy of 1253.6 eV). Solid
state MAS NMR spectra were measured on the APOLLO console
(Tecmag) at the magnetic field of 7.05 T produced by the 300 MHz/
89mm superconducting magnet (Magnex). A Bruker HP-WB high-
speed MAS probe equipped with the 4mm zirconia rotor and KEL-F
cap was used to spin the sample. The 65Cu MAS NMR spectra were
measured at 85.11MHz using a single 2 ms rf pulse corresponding to
p/4 flipping angle in the liquid. The spinning speed was 6 kHz. The
acquisition delay used in accumulation was equal to 10 s and 256
scans were acquired. The frequency scale in ppmwas referenced to
the 65Cu resonance of CuCl. The 119Sn MAS NMR spectra were
measured at 111.68MHz using a single 3 ms rf pulse corresponding
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top/2 flipping angle. The spinning speedwas 6 kHz. The acquisition
delay used in accumulation was 30 s and 256 scans were acquired.
The frequency scale in ppmwas referenced to the central transition
of SnS spectrum located at �299 ppm. Micro-Raman analysis was
done by HORIBA LabRAM HR spectrometer with 532 nm laser,
sample power of 20mW, accumulation time 10 s and 2 scans,
confocal hole 1000 mm with long-focus length. UVevis data were
collected in the diffuse reflectance mode on a Perkin-Elmer spec-
trophotometer Lambda 35 equipped with a 50mm integrating
sphere. A disk made of pure BaSO4 was used for background
collection whereas a thin layer of product powder pressed on the
disc surface was used for sample acquisition. SEM/EDX data were
acquired with a Hitachi Model S-4700 scanning electron
microscope.

3. Results and discussion

It is instructive to note that the reaction system used in kesterite
formation is rather complex by including a mixture of four starting
elements at once. The three applied metals, Zn, Cu, and Sn have
advantageous while different affinities for the reactionwith sulfur S
as approximated by the respective standard enthalpies of sulfide
formation DfHº (kJ/mol) [40]: ZnS, �157; Cu2S, �46; CuS, �53;
SnS, �98; SnS2, -121. There is also a pronounced thermodynamic
driving force for the formation of kesterite Cu2ZnSnS4 from the
elements supported by its DfHº value of ca. �370 kJ/mol. However,
one has to keep in mind that the metal particle surfaces are oxygen
passivated, especially, if tin is concerned, which will impose an
additional activation barrier for sulfurization reactions. Accord-
ingly, the chemistry of the four starting elements is anticipated to
be very complex and may involve numerous binary and ternary
intermediates. [41]. In this regard, suitably high activation energies
and/or long reaction times may be the hallmarks of kesterite syn-
thesis in the solid state.

The wet high energy ball milling of the constituent element
mixtures was performed using for the first time the highest
achievable speeds in laboratory practice, i.e., 900 or 1000 rpm
which resulted in significant shortening of reaction time and, in
favorable cases, complete reactions in the system producing a
single product.Whilemilling times from 1 to 20 hwere tried, 4e10-
h millings were found sufficient to yield mostly the cubic phase of
the raw product at this stage. Typically, a 2 at.% excess of S was used
to assure its accessibility but 10 and 50 at.% were also tried
assuming that any unreacted S would be removed as volatiles
during the subsequent annealing step. In the pool of a few dozens of
milling experiments, only in one case a single WC ball has inci-
dentally shattered to contaminate the raw product; otherwise,
plausible ball abrasion was minimized and, in fact, undetectable
due to the application of the xylene dispersion fluid.

The annealing under argon at various temperatures spanning in
some cases 200e800 �C was applied to test stability and/or ther-
mally induced changes of raw products formed in the milling step.
No unequivocal reactions were detected up to ca. 400 �C whereas
clear signs of kesterite decomposition were seen above 700 �C. The
optimum conditions for the formation of the target tetragonal
kesterite were narrowed to temperatures in the 450e550 �C range
and 1e6 h hold times.

The effect of milling time ranging from 1 to 20 h at 900 rpm is
illustrated in the XRD patterns shown in the top section of Fig. 1.
The results for the rawmilled powders are displayed on the left and
for the annealed powders on the right. For the former, they are
satisfactorily indexed to include the dominant cubic phase (sphal-
erite-type), 92e100%, with the a constant in the range of
5.42e5.45 Å and average crystallite sizes D of 8e12 nm. The only
unreacted component is found to be elemental tin Sn, ca. 8% for the
1 h milling, of which some 1% persists through 4 h and, then, is
below the detection limit after 10 h (not shown) and 20 h. The XRD
patterns for the annealed products, 500 �C, 6 h, consistently include
the tetragonal phase of kesterite with an average crystallite size
30e60 nm and some contamination by tin dioxide SnO2. The more
unreacted tin was in the raw powders, the higher was the per-
centage of the oxide in the annealed product. Since the annealing
was carried out under strict anaerobic conditions, the presence of
SnO2 is thought to originate from adventitious oxidation of nano-
tin during post-synthesis sample exposure to air. On one occa-
sion, a sample for XRD was prepared in the dry-box under argon in
the form of a thick paste in mineral oil to hinder oxidation and the
resulting pattern has shown relatively much less of the oxide than
in an unprotected sample. The results imply that suitably long
milling times in the range 10e20 h are necessary for complete re-
actions with the tin component being the most sluggish to enter
the quaternary lattice. They also plainly prove that under the
applied milling conditions the formation of the tetragonal kesterite
requires an additional thermal treatment at increased tempera-
tures in the range 450e550 �C.

Fig. 1 includes also the relevant XRD patterns for the materials
prepared at the higher milling speed of 1000 rpm, the highest one
that could be achieved with the applied milling balls. The raw
milled powder is now a pure cubic phase, a¼ 5.42 Å, D¼ 9 nmwith
no detected tin to be advantageously compared with the 900 rpm
cases. Remarkably, the annealed product is a pure tetragonal kes-
teritewith a¼ 5.43 Å, c¼ 10.84 Å, and D¼ 28 nm, which this time is
not contaminated by tin oxide.

It is worth to mention that such a sphalerite-type cubic phase
observed here for the raw powders has been quite often “mis-
interpreted” to belong to tetragonal kesterite e the highest in-
tensity diffractions match in both patterns and a few specific low
intensity peaks for the tetragonal phase at 2Q below 25� have been
assumed, apparently, too broad to be detected for the nano-
crystalline products [20e23]. In our opinion, such an approach is
too far stretched even considering the remarkable relation of the
lattice parameters for the “pseudocubic” tetragonal kesterite with
random Cu/Zn position distribution in the Cu-Zn metal center
layers (I42m, Ref. code 96-900-4751), a¼ 5.4340 Å, c¼ 10.856 Å,
where c is very close to 2a [17,42]. In this regard, the a constant for
sphalerite ZnS is 5.4110 Å and significantly differs from the
respective values determined in this study, 5.42e5.45 Å. The higher
a constants imply both bigger atoms than zinc such as tin and/or
highly defected structures in the sphalerite-type lattice. Our at-
tempts of various phase assignments consistently resulted in the
cubic phase being the best solution. Based on these results sup-
ported by further characterization data (see, below) we tentatively
propose that the raw product from the mechanochemical milling
step is a pre-kesterite e a cubic phase made of randomly distrib-
uted atoms of Cu, Zn, and Sn in all of the metal layers of the model
kesterite. Such a phase appears to tolerate, especially, a certain
degree of Sn deficiency with respect to the Cu2ZnSnS4 stoichiom-
etry without losing its coherence or cubic symmetry features. The
incorporation of more and more Sn requires suitably long milling
times and, eventually, leads to the stoichiometric cubic pre-
kesterite. This chemistry pathway appears to be independent on
an availability of sulfur in the starting mixture e in the systems
with 10 and 50 at.% excess S and 4 h milling time, a few percent of
unreacted tin is consistently detected. In conclusion, it appears that
the applied high energy ball milling conditions and up to 20 h
milling times are sufficient for the elements to react towards the
8e12 nm cubic crystallites of the pre-kesterite whereas deficient in
supplying enough energy at this stage to support metal center
reconfiguration into the distinct Cu-Zn and Cu-Sn metal layers
forming the target tetragonal kesterite structure [17e19]. The



Fig. 1. XRD patterns of {2CuþZnþSnþ4S} powder mixtures milled at 900 or 1000 rpm, 2 at.% excess of S, milling times: 1 h, 4 h, 20 h and subsequently annealed at 500 �C, 6 h. Bar
charts for cubic ZnS (sphalerite) and tetragonal kesterite are shown in the bottom.
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specific assignment of the kesterite structure as belonging to the
space group I-42m is typical for the so-called disordered kesterite
where Cu and Zn at specific planes are randomly distributed [18].
Fig. 2. SEM images of the powders of raw milled pre-kesterite �1000 rpm, 4 h, 2
The characteristic SEM images of the powders are included in
Fig. 2. The raw powder after milling shows a relatively uniform
distribution of the smallest particles of which some appear to be
at.% excess S (left) and the resulting annealed kesterite e 500 �C, 6 h (right).
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tightly agglomerated as if fused into larger shapes. There are also
fragments of what seems to be dense shells several hundred
nanometer thick that also are agglomerates of much smaller crys-
tallites. The shells could likely originate from material layers
pressed with high energy by rotating balls against the grinding
bowl surface. Very much similar morphology although with fewer
shell-like fragments is exhibited in the annealed powder of kes-
terite supporting tight crystallite agglomeration within the larger
particles. Cu, Zn, Sn, S element mapping (not shown) consistently
displays very uniform distribution of all the elements, which con-
firms chemical homogeneity on this scale.

The helium densities for the powders of the pre-kesterite and
kesterite shown in Fig. 2 are in both cases equal to 3.94 g/cm3. For a
larger pool of samples, the density ranges of 3.94e3.99 g/cm3 for
pre-kesterite and of 3.94e4.03 g/cm3 for kesterite were recorded.
These values are consistent with very similar density characteristics
for both types of materials. It is instructive to compare them with
the calculated 4.56 g/cm3 for the bulk synthetic kesterite with
tetragonal (stannite) structure and 4.09 g/cm3 for bulk sphalerite
ZnS [43]. In this regard, the discrepancy between the bulk and the
measured helium densities can be ascribed to presence of closed/
helium inaccessible pores in the agglomerates, which is quite
typical for nanopowders and in some cases may be correlated with
a XRD-derived crystallite size [44]. However, such an effect is
clearly seen for very small particle sizes usually less than 5e10 nm,
as encountered in the pre-kesterite, whereas for larger sizes the
agglomeration seems to be not as tight and the helium densities
reflect more the true densities. This implies that yet another factor
likely associated with distinct structural defects may contribute to
the density of the annealed kesterite with average crystallite sizes
of several tens of nanometers.

The typical micro-Raman spectra for the products are presented
in Fig. 3. The striking feature is a close resemblance, on the one
hand, of the spectra for all cubic pre-kesterite materials
Fig. 3. Micro-Raman spectra of {2CuþZnþSnþ4S} products: left e after milling and right e a
50 at.% excess S; c) 900 rpm, 10 h milling, 2 at.% excess S; d) 1000 rpm, 4 h milling, 2 at.%
independent on the time and speed of milling or sulfur excess (left
stack) and, on the other hand, of the spectra for the resulting from
them kesterite products (right stack). This appears to be true not
only for the two subsets separately but also extends in between
them. In this regard, the peaks for the pre-kesterite are relatively
broader and more superimposed. The peaks for kesterite are
generally narrower and the weak peak at the lower wavenumbers
next to the strongest peak is clearly separated from it. The spectra of
pre-kesterite can be satisfactorily deconvoluted into three peaks at
295-305 cm�1 (broad, weak), 328-332 cm�1 (sharp, strong), and
348-353 cm�1 (broad, weak). And respectively, the spectra for
kesterite yield three peaks at 285-290 cm�1 (sharp, weak),
328e333 (sharp, strong), and 350-360 cm�1 (broad, weak). In the
case of kesterite, yet a better fit is obtained with one more broad
peak in the range 295e305 cm�1, which overlaps with the already
listed sharper peak there.

Since XRD measurements are of somewhat limited value when
it comes to determine the impact on the kesterite structure of
scrambling of the size-wise similar atoms Cu and Zn, the Raman
spectroscopy has often been hoped to help discriminating among
plausible structures and ways the metal centers could be distrib-
uted. In this regard, the recent theoretical calculations for a few
relevant tetragonal polymorphs show many closely spaced Raman
peaks that may be difficult to unequivocally pinpoint, given
possible peak broadening and shifting for the nanosized and
defected crystallites [45]. The calculated three most intense peaks
are of A symmetry and expected at 285e289, 304e306, and 334-
338 cm�1. They correspond closely to the features observed in this
study for the annealed kesterite of tetragonal symmetry resolved in
the space group I-42m (see, above). These materials show also a
very weak and broad peak in the range 350e360 cm�1, which is
consistent with the theoretical B-symmetry peak there. Part of
discrepancies among the peak positions when comparing our re-
sults with theory could be related to the fact that the group I-42m
nnealed at 500 �C, 6 h: a) 900 rpm, 1 h milling, 2 at.% excess S; b) 900 rpm, 4 h milling,
excess S.
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was not included in those theoretical calculations. As far as the
cubic pre-kesterite is concerned, our deconvoluted Raman spectra
consist of three broad and superimposed peaks and resemble very
much the spectra for the nanosized “kesterite” assigned as tetrag-
onal while seemingly displaying by XRD the typical sphalerite-like
cubic features [21,35]. It is tempting to suppose that the apparent
similarity of all the Raman spectra for thematerials prepared in this
study including the cubic pre-kesterite and tetragonal kesterite,
reflects both the closeness of their chemical make-up and similar
type of lattice phonon characteristics for them.

Close range chemical environments can often be probed by NMR
measurements and they were also studied by applying the solid
state 65Cu and 119Sn MAS NMR spectroscopy. Surprisingly, no
spectra could be recorded for a range of raw pre-kesterite samples
whereas the task was successfully accomplished for the annealed
kesterite powders. This turned our attention to possible magnetic
interference that would prevent from efficient nuclear resonance to
occur in the pre-kesterite. In this regard, the electron paramagnetic
resonance EPR study shows strong magnetic properties of the pre-
kesterite while only remnant though detectable magnetism of the
related kesterite as supported by the relative position and different
slopes of the relevant curves (Fig. 4). Also, the flat and rather
smoothly descending with magnetic field curves are consistent
with the heterogeneous and interacting/coupled paramagnetic
centers, especially, in the pre-kesterite case. This phenomenon
could likely reflect the definite non-stoichiometry and different
degree of disorder in the structures of both materials. One of the
plausible candidates for inducing such magnetism could be Cuþ2

ions with d9 electron configuration. However, a XPS study
confirmed solely diamagnetic d10 Cuþ1 ions and ruled out any
presence of magnetic Cuþ2 ions in both materials. This pointed out
to yet another source of magnetism encountered mainly in nano-
sized structures. Namely, there have been more and more recorded
instances of room temperature ferromagnetism in materials such
as metal oxides, nitrides, and chalcogenides that lack magnetic
ions, in which the origin of magnetism is traced to structural de-
fects/vacancies including native surface defects and structural in-
homogeneity e all quite typical in nanoscale [46]. Such
phenomenon is called d0 magnetism [47] and may be responsible
for the observedmagnetic properties of the intrinsically disordered
raw pre-kesterite powders. On the other hand, pre-kesterite's
thermal annealing appears to yield larger crystallites of much more
ordered and structurally homogeneous kesterite showing merely
remnant magnetism of this kind as seen in Fig. 4. Interestingly,
there could be also another way of explaining the lack of NMR
signals for the pre-kesterite linked to large quadrupolar coupling
constants of copper Cuþ1 ions. In this regard, the diamagnetic Cu2S
Fig. 4. EPR magnetization data for the related powders of pre-kesterite: curve
1e900 rpm, 10 h milling, 2 at.% excess S and the resulting kesterite: curve 2e500 �C,
6 h.
(Cuþ1 ions) has been reported to produce no detectable 63Cu NMR
signal at all [48]. This was proposed to result from low symmetry
environment of the ionswith extremely large quadrupolar coupling
constants, which resulted in the second order quadrupolar in-
teractions that broadened the signal beyond detection.

Fig. 5 illustrates the solid state MAS NMR selected results
recorded for two kesterite samples. Both examined powders show
the 65Cu and 119Sn resonance peaks at ca. 795 ppm and �123 ppm,
respectively, with the latter asymmetrical in agreement with the
reported data for kesterite [31,32]. A striking feature of the spectra
are much lower normalized peak intensities for sample B compared
with sample A. Other things being equal, this implies that in the
former a significant part of atoms is not active in the NMR exper-
iment, possibly, due to strong local magnetic interference of the
type discussed earlier in the EPR section. Such an interference
seems to be more pronounced for kesterite from the 500 �C-
annealed sample B whereas weaker if not absent for sample A from
annealing at the higher temperature of 550 �C. In this regard, based
on the XRD results for kesterite powders heat treated in the range
450e550 �C, the higher is the processing temperature the better
crystalline properties and larger crystallite sizes are observed. The
progressing crystallization is, apparently, associated with higher
local symmetry and decreasing disorder/extent of quadrupolar in-
teractions or, alternatively, elimination of d0 magnetism and,
eventually, results in the enhancement of both nuclei NMR re-
sponses. The temperature induced emergence of a more defined
local environment of the metal centers is corroborated by a relative
narrowing of the NMR peaks for sample A. In this sense, NMR/EPR
properties of kesterite nanopowders appear to be indispensable for
digesting their structure reorganization while consistently sup-
plementing the evolution of long range tetragonal characteristics as
observed by XRD.

At this point, it is appropriate to confront the discussed
analytical data for the cubic pre-kesterite e tetragonal kesterite
systemwith determinations of the crucial property of the kesterite
semiconductor, namely, its band gap from UVevis measurements.
Fig. 6 includes the acquired typical UVevis spectra exemplified for
two selected pre-kesteritee kesterite preparation routes. These are
the absorption plots with inserts of the corresponding Tauc func-
tion, i.e., (ahn)2 vs. hn for direct transitions, where a is approxi-
mated by the Kubelka-Munk transform. The characteristic feature is
the lack of a defined transition in this range for any of the cubic pre-
kesterite samples and, therefore, no band-gap calculations from the
Tauc plots are possible (Fig. 6, left). Therefore, within such standard
UVevis data interpretation, the raw nanopowders after milling do
not appear to be unequivocally defined semiconductors. It is worth
realizing that this could be, at least, partly due to very small
nanoparticle sizes (ca. 10 nm and smaller) and the particle size
distribution effect both known to impact the absorption signal in
the diffuse reflectance mode. On the other hand, all tetragonal
kesterite samples after annealing show similar absorption spectra
fromwhich one strong transition in the range 1.35e1.48 eV due to a
direct band gap Eg can be calculated (Fig. 6, right), i.e., within ca.
1.0e1.5 eV reported for various kesterite materials [1e4]. It is
obvious that the kesterite's band gap is a variable parameter in this
range and, specifically, depends on numerous experimental details
that in turn decide about variations in the structural and compo-
sitional makeup of the quite flexible kesterite's tetragonal lattice.

4. Conclusions

The wet high energy ball milling of the constituent elements Cu,
Zn, Sn, and S at the highest achievable rotation speeds of 900 and
1000 rpm affords paramagnetic nanopowders of compositions
close to kesterite Cu2ZnSnS4 and of cubic crystallographic



Fig. 5. Solid state 65Cu (left) and 119Sn (right) MAS NMR spectra for kesterite powders: A e 900 rpm, 2 at.% excess S, 4 h milling then annealed at 550 �C, 6 h; B e 900 rpm, 2 at.%
excess S, 10 h milling then annealed at 500 �C, 6 h.

Fig. 6. UVevis spectra with inserts of Tauc (ahn)2 vs. hn [energy] plots for selected pre-kesterite (left) and kesterite (right) nanopowders: I e 4 h milling, 50 at.% excess S, 900 rpm; II
e 4 h milling, 2 at.% excess S, 1000 rpm.
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symmetry for which no semiconductor direct band gap can be
determined from UVevis measurements. Due to overall composi-
tional similarities, the cubic raw product formed in this mechano-
chemical process is tentatively called a pre-kesterite. The latter
upon thermal annealing under argon, preferably, at 450e550 �C can
be conveniently converted to the target kesterite nanopowder. The
emergence of the definite semiconducting properties is associated
with temperature-induced structural evolution from the cubic pre-
kesterite to tetragonal kesterite with concomitant lapse of the
materials magnetic properties. The essential kesterite properties
such as a magnitude of the band gap and residual magnetism are
functions of an extent/nature of non-stoichiometry accompanied
by crystal lattice disorder, which are all very sensitive to variations
in the mechanochemical synthesis.
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