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A B S T R A C T

Here, we foster the combined use of conventional techniques to obtain a comprehensive structural and chemical 
characterization of kesterites (Cu2ZnSnS4, Copper-Zinc-Tin Sulfide, CZTS), a class of light-absorbing materials 
employed in sustainable thin-film solar cells, with magnetometry and Electron paramagnetic resonance (EPR) 
spectroscopy, to identify the nature of their paramagnetic centers. Iron-doped (CZFTS) and non-doped nano
crystals were synthesized by hot-injection method and then treated at 450◦C. The structural analysis evidenced 
that while the raw CZTS and CZFTS nanocrystals do not show any secondary phase, a minority phase is present in 
the annealed samples. The complementary distribution of the metal ions in both CZTS and CZFTS was also 
assessed. Magnetometry and EPR spectroscopy pointed out the formation of paramagnetic vacancies following 
the high temperature treatment and the successful doping with Iron. This work highlighted the unique capability 
of a multipronged approach to detect paramagnetic defects in kesterite nanocrystals, which are otherwise 
challenging to identify using single techniques.

1. Introduction

In past decade, the study of materials applied in photovoltaics has 
been significantly expanded, with particular attention on minimizing 
the use of critical raw materials and toxic elements. In this context, 
kesterites Cu2ZnSnS4 (CZTS) have gained significant attention as a 
promising candidate for low-cost and environmentally sustainable 
technologies. [1–12] In particular, CZTS films produced from nano
crystals (NCs) inks offer a cost-effective solution-based method of 
fabrication. [13] However, the numerous routes for the synthesis of this 
quaternary semiconductor NCs almost invariably lead to the formation 
of secondary phases, antisite defects and vacancies, which reduce the 
efficiency of the corresponding devices. [14,15] As a contrasting action 

against cation disorder the replacement of Cu or Zn with other metallic 
elements (i.e. Ag, Cd, Fe, etc…) has been explored. [16].

In this perspective, it is crucial to obtain first a deep understanding of 
the types of defects and how they relate to the synthetic conditions, both 
in pristine and doped samples. With this aim, we decided to perform a 
fundamental study of both undoped (CZTS) and Fe-doped (CZFTS) 
kesterite NCs, before and after thermal annealing using a multitechnique 
approach. The structural analysis, performed by using both X-Ray 
Diffraction (XRD) and Raman spectroscopy, was applied to determine 
the phase composition of the raw synthetic and annealed samples, with a 
focus on the presence of possible subordinate associated phases. The 
overall chemical composition of the samples, as well as the distribution 
of the metal ions in both quaternary (CZTS) and multinary (CZFTS) 
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systems, was investigated by Energy Dispersive Spectroscopy - Scanning 
Transmission Electron Microscopy (EDS-STEM). The physical properties 
of the as-synthesized and annealed materials were verified by UV-Visible 
(UV-Vis) measurements, exploiting the use of Tauc plot analysis in the 
determination of energy band gap (Eg). Furthermore, magnetic and 
Electron Paramagnetic Resonance (EPR) spectroscopy analyses were 
applied to assess the metal valence states and to sort out the possible 
presence of paramagnetic defects in the samples. This multianalytical 
approach turned out to be very efficient in carefully tracing the defects 
and in evaluating the effects of thermal treatment on the magnetic and 
morphological properties of the CZTS lattice.

2. Materials and methods

2.1. Materials

Copper(II) acetate monohydrate (Cu(CH3COO)2H2O, Carlo Erba), 
Zinc(II) acetate dehydrate (Zn(CH3COO)2, ThermoScientific), Iron(II) 
chloride tetrahydrate (FeCl2⋅4H2O, 98%, Alfa Aesar), Tin(IV) chloride 
pentahydrate (SnCl4⋅5H2O, 98+% extra pure, Acros Organics), 
elemental Sulphur (S, 99.98% Aldrich) and oleylamine (OLA) (technical 
grade, 70%, Aldrich) were all used as received.

2.2. Synthesis

For the synthesis of the materials, we followed a procedure based on 
the decomposition of inorganic precursors in high boiling apolar sol
vents, similar to the one outlined by Y. Qu et al. [14] 0.9 mmol of Copper 
(II) acetate monohydrate, 0.5 mmol of Zinc(II) acetate dehydrate and 
0.5 mmol of Tin(IV) chloride pentahydrate were dissolved in 25 mL of 
OLA preheated at 50◦C in a three-neck flask connected to a Schlenk line. 
For the Fe-doped synthesis the amount of Zn precursor was reduced to 
0.33 mmol and 0.16 mmol of Iron(II) chloride tetrahydrate were added 
to the reaction mixture.

The resulting solution was purged with nitrogen at 100◦C for 1 h. 
Subsequently, the temperature was increased to 225◦C, and 5 mL of a 
3.6 M sulfur–OLA solution was injected. The reaction was then held at 
this temperature under a nitrogen atmosphere for 1 h to promote 
nanocrystal growth. The obtained NCs were collected after centrifuga
tion with 1:6 toluene-acetone mixture at 7800 rpm for three times, 
followed by drying in air.

The annealing process was carried out with a continuous nitrogen 
flow inside a nitrogen-purged tube furnace maintained at atmospheric 
pressure. The heating rate was set to 6 ◦C/min and, upon reaching 450 
◦C, the system was held for 1 h, followed by spontaneous cooling under 
nitrogen atmosphere.

2.3. Experimental techniques

2.3.1. Powder X-ray diffraction patterns (PXRD)
PXRD patterns were measured in air at ambient temperature on: 1) a 

Bruker New D8 Da Vinci diffractometer equipped with a Bruker 
LYNXEYE-XE detector equipped with a Cu X- ray source (Cu Kα radia
tion, λ = 1.54056 Å) and 2) an Anton Paar XRDynamic 500 equipped 
with a Co X-ray source (Co Kα radiation, λ = 1.78021 Å). The two 
wavelengths were chosen to monitor the effect of the fluorescence by Fe 
in CZFTS samples. In all cases, data over the 2θ range 10◦− 80◦ were 
collected with 0.03◦ step size and a counting time of 1–2 s/step. Tube 
voltage and current were set to 40 kV and 40 mA, respectively. Data 
analysis, using the Rietveld algorithm, was performed using the 
DIFFRACT.TOPAS (Bruker) and the Fullprof suite software. [17].

2.3.2. EDS-STEM
STEM images were collected on a Thermo Scientific Talo F200X 

system equipped with a high brightness field emission gun (X-FEG, 
80–200 keV) available at the Centro di Microscopie Elettroniche (CEME) 

of CNR. STEM-High-Angle Annular Dark Field (HAADF) and Bright Field 
(BF) images were acquired with a Panther annular STEM detector using 
a convergent beam with an angle of 10.5 mrad and a camera length of 
330 mm. Energy Dispersive X-ray Spectroscopy (EDS) maps were taken 
with a Super X spectrometer equipped with four 30 mm2 silicon drift 
detectors with a collection angle of 0.7 srad. Samples were prepared 
dispersing a small amount of NCs in toluene, then depositing few 
droplets of the mixture onto an ultrathin holey carbon layer film- 
supported Ni grid. The mean length and particle size distribution were 
determined through statistical analysis of more than 100 nanoparticles 
using ImageJ software.

2.3.3. Micro-Raman spectroscopy
Raman spectra were collected at room temperature employing a 

micro-Raman spectrometer RM2000 (Renishaw, Wotton-under-Edge, 
UK) equipped with 20×/0.40 N.A. Olympus microscope objective and 
a Spectra Physics model argon ion laser emitting at 514.5 nm. The mi
croscope employs computer-controlled motorized slits allowing for a 
precise displacement of the sample with accuracy better than 1 µm. The 
spectra were calibrated on the 520 cm− 1 first-order Raman band of bulk 
silicon, resulting in an accuracy within 2 cm− 1 along the whole spec
trum. A spectral resolution of 5 cm− 1 was verified from line width 
measurements on the same silicon band used for calibration. To perform 
the measurements, a small amount of powder was put on an aluminum 
substrate; the laser was set to 50 μW power out of the microscope 
objective to avoid damaging the samples. For each sample, at least 100 
individual points were registered, taking care to explore different re
gions in a randomized way. No relevant differences were detected 
within the set of data for any of the samples. The individual spectra were 
summed, and the analysis was carried out on the averaged data. Full 
profile fitting of the average spectra (obtained by summing up to 100 
individual spectra) was performed using Microcal Origin 2024. The 
fitting included a cubic baseline function, and a set of Lorentzian peaks 
[18] was performed using Fityk [19] to better evaluate all the peaks. The 
number of the peaks was dictated by the clear identification of peaks 
and/or shoulders in the experimental pattern and based on data re
ported in the literature. [18,20,21].

2.3.4. Energy-dispersive X-ray fluorescence spectroscopy (ED-XRF)
ED-XRF was performed with a Shimadzu XRF7000 apparatus 

equipped with a Rh X-ray tube with a working power of 50 W (50 kV and 
1000 μA) and a silicon drift detector. Software Suite PCXRF version 2.05 
(Shimadzu 2018) is used for data acquisition and analysis. To perform 
the experiment, the samples were put in a sample cup (31.00 mm 
diameter × 23.10 mm height) covered with precut Mylar thin film.

2.3.5. Continuous-wave electron paramagnetic resonance (cw-EPR)
cw-EPR measurements were performed at the X-band (ν ~9.39 GHz) 

on a Bruker Elexsys E500 spectrometer, equipped with either a SHQ 
cavity or a MD5 dielectric resonator. Low temperatures (T = 5 − 100 K) 
were achieved by using either an Oxford Instruments ESR900 (for SHQ 
cavity) or a CF935 (for MD5 resonator) continuous flow helium cryostat 
and an Oxford Instrument ITC503 for temperature control. All the 
spectra were acquired by using the same modulation frequency (100 
kHz), modulation amplitude (5 G), microwave power (6 mW, 14 dB), 
and receiver gain (60 dB). Powder samples were placed in quartz EPR 
tubes (Wilmad-LabGlass 707-SQ− 250 M tubes, 3 mm inner diameter). 
The acquired EPR spectra were exported and simulated using the open- 
source MATLAB toolbox EasySpin (version 6.000-dev.51) [22] and 
further elaborated through Microcal Origin 2024.

2.3.6. UV-visible spectroscopy measurements
Optical absorbance measurements were performed using a JASCO 

V− 770 dual-beam spectrophotometer, equipped with a deuterium lamp 
(190–350 nm) and a tungsten lamp (330–3200 nm). The instrument was 
fitted with a 60 mm integrated sphere for diffuse reflectance 
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measurements on the powder samples. The spectra were collected over a 
wavelength range of 200–1000 nm, with a sampling interval of 0.2 nm 
and a scan speed of 200 nm/min. The optical Eg of the powders was 
determined using the Tauc plot method. This was achieved by applying 
the Tauc equation, which relates the optical absorption coefficient (α) to 
the photon energy (hν) for a material with direct band gap transition: 

(αhν)2=A(hν− Eg)                                                                           (1)

Here, A is a constant. Transmittance measurements were used for as- 
synthesized samples dispersed in C2Cl4. In this case we used Eq. 1 and 
extrapolated the band gap using the intercept of the linear fit of the 
linear part of the curve. For annealed samples, sinterization and irre
versible aggregation make it difficult to realize stable dispersions of the 
NCs. Thus, such samples were analyzed only in reflectance mode. The 
measured reflectance spectra is transformed into absorption spectra by 
applying the Kubelka-Munk function: 

F(R∞) =
K
S
=

(1 − R∞)
2

2R∞
(2) 

where R∞=Rsample/Rstandard is the reflectance of an infinitely thick 
specimen, while K and S represent the absorption and scattering co
efficients, respectively. By using F(R∞) instead of α into Eq. 1 we obtain 
Eq. 3: 

(F(R∞)hν)2=A(hν− Eg)                                                                    (3)

The value of Eg was obtained by plotting (F(R∞)hν)2 as a function of 
photon energy and extrapolating the linear portion of the curve to the x- 
axis, where absorption is zero.

2.3.7. Magnetometry
Magnetic measurements were performed with a Quantum Design 

superconductive quantum interference device (SQUID) using the 
Reciprocating Sample Option (RSO) mode. Polycrystalline powder 
samples were wrapped in Teflon and pressed in pellets to avoid prefer
ential orientation. The specific magnetization M (i.e. the magnetic 
moment to sample mass ratio) was measured as a function of the mag
netic field H in the 0− 50 kOe range at three different temperatures 
(T = 1.9, 2.5 and 4.5 K) and as a function of temperature in the 2 – 300 K 
range at H = 10 kOe. Data were corrected both for the Teflon contri
bution, measured under the same experimental conditions, and for the 
intrinsic diamagnetic contribution of the samples estimated by using the 
Pascal’s constants.[23].

3. Results

3.1. Structural, chemical and optical characterization of the NCs

The chemical composition of the raw and annealed samples was 
obtained from EDS XRF and it is shown in Table 1. The raw samples 
(hereafter labelled as CZTS and CZFTS, for NCs synthesized without or 
with Iron, respectively) reveal an overall composition consistent with 
the stoichiometry of the precursors. However, small but significant 
differences are observed, in particular in the ratio between Fe and Zn. 
This effect is explained in terms of the different solubilities of the two 

endmembers of the series (Cu2ZnSnS4 and Cu2FeSnS4[24]). Accord
ingly, the products exhibit the most stable composition given the ther
modynamic and kinetic constraints, also considering the presence of 
ligands and surfactants.

One can observe a non-negligible excess of cations/sulfur ratio, but 
this result can be attributed to the different accuracy of the EDS mea
surements in the determination of X-rays from light (S) and heavier (Cu, 
Fe, Zn and Sn) elements. This effect is estimated in ~10% of the overall 
formula unit and is comparable to what already reported in literature.
[25,26] Furthermore, the normalization procedure used, by which we 
fixed the sulfur content to 4 atoms per formula unit, propagates any 
uncertainty in sulfur quantification to all cationic species, leading to 
systematic deviations in their apparent concentrations.

The investigation of the chemical composition of the annealed 
samples (hereafter labelled as a-CZTS and a-CZFTS, respectively) reveals 
significant changes. The Sn content of a-CZTS is significantly lower than 
that observed in CZTS. This effect could be due to the commonly re
ported evaporation of SnS and SnS2 species during the annealing. 
[27–29].

Fig. 1 compares the PXRD patterns of CZTS and a-CZTS samples 
(panel a) and CZTFS and a-CZTFS samples (panel b). If we consider the 
CZTS phase as belonging to I42m space group [30] (the possible alter
native choice [31] being I4), some of the main diffraction peaks 
observed in all samples can be indexed corresponding to the (112), 
(200), (220) and (312) diffraction planes, respectively at 2θ values of 
28.59◦, 32.99◦, 47.48◦, and 56.30◦. The patterns of the raw samples 
reveal significant peak broadening, linked to the small average crystal
lite size determined through Scherrer analysis and reported in Table 2
(estimated in 12 nm and 3–6 nm for CZTS and CZFTS, respectively). The 
thermal annealing of both samples led to sharper diffraction peaks, 
indicating improved crystallinity. Such an increase of the average 
crystallite size allowed for a clearer identification of the main kesterite 
phase in both annealed samples. Nevertheless, additional low-intensity 
peaks revealed the presence of a secondary phase. Even if the addi
tional reflections are not easily discriminated from the background, we 
infer that this phase might be identified as herzenbergite (SnS, per
taining to the Pmcn space group [32]). This is consistent with the XRF 
results and previous literature reports, confirming that part of the 
original CZTS decomposes upon heating with formation of SnS.

A further insight into the structural and phase composition details of 
the investigated samples was obtained through Rietveld refinement 
(Fig. S1). The results of Quantitative Phase Analysis (QPA) indicate that 
the amount of herzenbergite in the a-CZTS samples is relevant (> 10 wt 
%, Table 2), while it is much smaller in a-CZFTS. The amount of her
zenbergite in the latter case is too low, hampering a refinement of the 
structural parameters using QPA. In this respect, the only parameter that 
could be refined, namely the overall amount of SnS in association with 
kesterite, has to be interpreted more properly as the minimum detection 
limit of the analysis, given the applied experimental conditions and the 
intrinsic nanocrystalline nature of the investigated products. Concerning 
the structural details of the raw and annealed kesterites (Table 2), the 
comparison with the reference values suggests that in all cases a main 
crystalline phase with the structural features of CZTS has been obtained. 
Nevertheless, the raw CZFTS sample shows an apparent asymmetry of 
the main reflections. The best fit is obtained in this case by considering 

Table 1 
Chemical composition of the investigated samples from XRF data.

Label Nominal formula coefficients Experimental formula coefficientsa

Cu Zn Fe Sn S Cu Zn Fe Sn S

CZTS 2 1 0 1 4 2.26 1.16 0 1.20 4
a-CZTS 2 1 0 1 4 2.12 1.09 0 0.56 4
CZFTS 2 0.66 0.33 1 4 2.11 0.78 0.40 1.01 4
a-CZFTS 2 0.66 0.33 1 4 2.23 0.87 0.40 0.84 4

a Normalized to 4 S ions
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two different kesterite phases, with distinct average crystallite size 
(evidenced by the different linewidths of their spectral contribution) and 
by slight differences in the lattice parameters.

However, due to the inherent limitations of powder XRD in the 
determination of the phase purity, micro-Raman spectroscopy was 
employed for this scope. The spectra of all the samples, reported in 

Fig. 2, could be attributed to CZTS according to the reference standards. 
[18,33] Raman spectra of reference CZTS crystals are characterized by 
three major bands, typically reported at 265, 287 and 337 cm− 1 (A 
symmetry modes). Moreover, other weaker bands are generally 
observed for kesterite at 252 cm− 1 (B symmetry mode), 347 – 353 cm− 1 

(E1 symmetry mode) and 363 – 371 cm− 1. [18,20,21] However, the 
energy and linewidth of these peaks can be significantly affected by 
lattice disorder, crystallite size, and impurities. [18,20,33–36] For 
instance, another relevant process is the known disorder-induced acti
vation of the 332 cm− 1 band (A symmetry mode). Table S1 summarizes 
the wavenumber and proposed mode assignment of the bands observed 
in our samples in accordance with the data reported in the literature. In 
particular, curve-fitting analysis (Fig. S2) evidence for raw sample 
(CZTS) the presence of very broad peaks at 329 and 337 cm− 1, while the 
annealed one (a-CZTS) exhibits a main resonance located at 336 cm− 1. 
The band at ~329 cm⁻¹ is commonly associated with Cu–Zn cation 
crystallographic disorder in the CZTS structure. [18] Its disappearance 
after annealing indicates a reduction of this disorder, suggesting an 
improvement in local symmetry and cation ordering within the indi
vidual crystallites upon thermal treatment. [37].

For the raw doped sample the changes with respect to the observed 
CZTS spectra can be discussed with reference to the work by Fontané 
et al. [20], who reported that in both natural and synthetic materials, for 
Cu2Zn0.8Fe0.2SnS4 chemical composition, the 337 cm− 1 band of CZTS is 
shifted to 333 cm− 1, while for the Cu2Zn0.7Fe0.3SnS4 the band appeared 
at 330 cm− 1. [20] This suggests that there is a downshift trend of this 
band on Iron incorporation. The fit shows a band at 330 cm− 1 for both 
the CZFTS and a-CZFTS (Fig. S2). The position of this band is thus 
compatible, at a qualitative and quantitative level, with the amount of 
incorporated Iron estimated by XRF.

The analysis of the full width at half maximum (FWHM) of the main 
330–337 cm− 1 peak (Table S1) combined with that of the NC size 

Fig. 1. Experimental PXRD of the four samples: a) CZTS (lower trace) and a-CZTS (upper trace) and b) CZFTS (lower trace) and a-CZFTS (upper trace). Red dots mark 
the additional reflections which cannot be indexed using the structural model of CZTS and attributed to herzenbergite.

Table 2 – 
Results of the structural refinement (lattice constants) and Quantitative Phase Analysis from the Rietveld procedure and NC size from Scherrer analysis.

label a (Å) b (Å) c (Å) NC size (nm) %

Reference kesteritea 5.434 5.434 10.856 ​ -
herzenbergiteb 3.98 4.33 11.18 ​ -

CZTS Phase 1 5.428(2) 5.428(2) 10.810(7) 12.4(2) 100
a-CZTS Phase 1 5.4360(5) 5.4360(5) 10.847(1) 58.0(1) 87.6(9)

Phase 2 3.9950(4) 4.3171(5) 11.212(1) 61(4) 12.4(3)
CZFTS Phase 1 5.315(4) 5.315(4) 11.03(2) 3.16(2) 64(2)

Phase 2 5.367(6) 5.367(6) 10.76(2) 6.7(1) 36(2)
a-CZFTSc Phase 1 5.4257(2) 5.4257(2) 10.871(1) 137(5) 97(1)

Phase 2 3.98* 4.33* 11.18* 79(2) 3(1)

a ref. [30]; b ref. [32]; c Herzenbergite was tested as associated phase, but it was not possible to refine its parameters, which are highlighted by an asterisk: the reported 
content represents an estimate of the detection limit under the operating conditions.

Fig. 2. Micro-Raman spectra of the different samples. The Raman shift of the 
most relevant peaks, identified following refs. [18] and [33] are also shown. 
The different contributions are deduced from the curve fitting procedure (see 
Fig. S2 and Table S1).
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estimated through the Scherrer analysis (Table 2) evidences that in both 
cases, thermal annealing (which leads to a grain size increase) results in 
a drastic linewidth reduction. This behavior demonstrates the effec
tiveness of the thermal process in the reduction of cation disorder. The 
Iron presence in the Fe-doped (CZFTS and a-CZFTS) kesterites is 
consistent with the observed larger linewidths in the Raman bands. [20].

Since both chemical and crystal phase studies suggest relevant 
changes in the structural organization of the NCs, an investigation on the 
chemical distribution of the elements in the NCs at the nanoscale was 
performed using EDS-STEM. The STEM image of the CZTS sample dis
plays homogeneous nanocrystals with an average diameter of 20 + 3 nm 
(Fig. 3a) This value is close to the average crystallite size revealed by 
XRD, thus confirming the successful synthesis of isolated CZTS NCs. EDS 
element mapping highlights that all the elements are present in all the 
regions of the NCs. However, a heterogeneous and interdependent dis
tribution of Zn and Cu is observed, regions with low Zn content 

corresponding to areas of high Cu concentration. The annealed sample 
(Fig. 3b and Fig. S3) shows regions where Cu and Zn are more homo
geneously distributed, alongside areas with Cu-rich or Zn-deficient 
compositions. Moreover, this sample exhibits a markedly increased 
particle size as well as size polydispersity (size is in the range 
20–100 nm), indicating the coalescence of the NCs due to the high 
temperature reached in the annealing. This information, coupled with 
the presence of the SnS secondary phase detected through XRPD, defi
nitely confirms that the annealing procedure, while not improving the 
chemical homogeneity, promotes the exsolution of phases which are 
thermodynamically more stable. [24].

The STEM analysis indicates that the CZFTS sample (Fig. 4a) is 
characterized by two primary size populations of 10 + 2 nm and 20 +
2 nm. When compared with the average size of the coherent structural 
domain revealed by XRD, this result suggests a polycrystallinity of the 
investigated particles. The EDS mapping shows that Fe and Zn are 

Fig. 3. STEM images of CZTS sample (a), with the size distribution fitted with gaussian function and of a-CZTS sample (b), and the corresponding EDS 
element mapping.
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almost uniformly distributed across all CZFTS particles. However, if one 
closely considers the single–element distribution maps of these two 
cations, one can easily note that several spots with high Zn intensity are 
present, whereas Fe exhibits a smoother distribution. Moreover, Fe ex
hibits an increase of concentration from the left upper corner to the 
center of the map, which is not paralleled by Zn or Cu. This confirms that 
the chemical composition of the different nanoparticles can be locally 
different. After thermal annealing (a-CZFTS), microscopic analysis does 
not reveal any significant compositional inhomogeneities or elemental 
segregation.

The optical properties, explored by means of the UV–Vis spectros
copy investigations, allowed to sort out optical band gaps. Optical 
properties of as-synthesized NCs were measured both in transmittance 
and in reflectance mode (Fig. S4 in Supporting Information file), 
yielding comparable results (Table S2) when considering the experi
mental error and the complexity of the system. Indeed, point defects are 
typical of these materials, resulting in an absorption tail at an energy 

lower than the band gap one (Urbach tail), which complicates the ac
curate extraction of the optical band gap energy. At any rate, the ob
tained values are broadly in line with what is expected for kesterites. 
[38,39].

The powders of the annealed samples were measured in reflectance 
mode and compared with the raw samples measured in the same con
ditions. A slight increase in the Eg values is observed for the annealed 
samples compared to those of the raw samples. Although the observed 
differences are slightly beyond the uncertainty of the determination and 
thus caution should be exerted in drawing conclusions, one can attribute 
this behaviour to two main factors: (i) enhanced cationic ordering on 
annealing and (ii) chemical non-homogeneity and secondary phase 
formation. The first hypothesis is supported by the fact that high tem
perature facilitates the movement of cations, promoting the ordering 
and crystallinity of the samples, confirmed by XRD and Raman analyses. 
[40,41] Conversely, concerning the second hypothesis, the samples 
exhibited non-homogeneous distribution of Cu and Zn cations, 

Fig. 4. STEM images of the CZFTS (a) and a-CZFTS (b) samples, and the corresponding EDS elements distribution.
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confirmed by STEM analyses. Such compositions often result in the 
formation of Cu-poor secondary phases ZnS or SnS or induce intrinsic 
structural defects that can modify the electronic structure, and thus the 
effective Eg. [42] The presence of SnS secondary phases is also in 
agreement with XRD characterization (see previous section). Band gap 
values in the range 1.07–1.5 eV [43] are typically reported for SnS.

3.2. Continuous wave electron paramagnetic resonance

cw-EPR spectroscopy is a well-suited technique for the identification 
of paramagnetic impurities in solid state systems. [44] Despite these 
features, it has not been much used in the characterization of kesterites, 
with a few notable exceptions. [26,45–47] In the present study, this 
technique may provide useful insight on the presence of point defects 
and defect clusters, which can have a direct impact on materials per
formances. Consequently, we collected powder X-band (hν ≈ 9.4 GHz) 
EPR spectra on all samples across a range of temperatures from 5 K up to 
room temperature (Fig. 5). Starting from the spectra of CZTS reported in 
Fig. 5a, a composite and partially anisotropic signal at g ≈ 2.15 is visible 
in the whole temperature range and is compatible with Copper(II) spe
cies. [48] This is consistent with recent reports on nanocrystalline kes
terites, which showed evidence of a small fraction of Copper(II) in EPR 
spectra, despite the corresponding XPS spectra being dominated by 
Copper(I) signal [46] and of two different Copper(II) related signals due 
to both the secondary CuxS phase and to a paramagnetic impurity. [45]
The spectrum at 5 K was consistently simulated [22] by assuming two 
different contributions arising from S=1/2 species (Fig. S5): the first one 
with an anisotropic Zeeman and hyperfine interactions to Cu nuclei, and 
the second one with an isotropic g=2.17 ± 0.01 (see Table S3 in 
Supplementary Information for the complete set of parameters).

While the former species can be attributed to a residual Copper(II) 

impurity, with the metal ion in a tetragonally elongated environment, 
the second one is compatible with the EPR spectrum of Cu2+ clusters 
previously detected in kesterite samples. [26] Interestingly, thermal 
annealing at 450 ◦C strongly affects the spectra (Fig. 5b); indeed, the 
spectrum of a-CZTS sample is dominated by a narrow signal close to g=2 
and by a broad, low-field feature which shifts to a lower field on 
decreasing temperature. A more detailed analysis of the region around 
g=2 further evidences the presence of an anisotropic structured signal at 
g ~2.15. Accordingly, the central region of the spectrum was simulated 
(see Fig. S6 and Table S3) by considering three different S=1/2 contri
butions: a narrow, isotropic signal centered at g = 2.0005 ± 0.0003, a 
second broad isotropic signal centered at g = 2.16 ± 0.01, and a third, 
anisotropic contribution (gx,y = 2.055 ± 0. 002 and gz =2.290± 0.005). 
The narrow isotropic signal is strongly suggestive of the formation of 
paramagnetic vacancies in the lattice, as recently reported for nano
structured CZTS developed for CO2 photoreduction catalysis, [49] while 
the isotropic broad signal is essentially the same observed in the non- 
annealed samples. In particular, the observed g-values for the narrow 
isotropic signal are in principle compatible with different possibilities, 
ranging from the formation of sulfur vacancies [49,50] to the formation 
of defect states associated with SnS secondary phases. [51].

On the other hand, the variation of the principal g values of the 
anisotropic signal upon annealing points to a change in the coordination 
environment of the Copper(II) tetragonal impurity. Finally, the broad, 
temperature-shifting signal is typical of clustered systems, resulting 
from annealing-induced aggregation. [52,53].

The low-temperature EPR spectrum of the CZFTS sample (Fig. 5c) is 
dominated by three main signals: i) a partially anisotropic one at geff ≈

4.27, which is a common occurrence for Iron(III) species with a large 
zero field splitting in rhombic symmetry [48]; ii) a low-field shoulder; 
iii) an anisotropic contribution with hyperfine structure, much 

Fig. 5. X-band EPR spectra of the four microcrystalline powder samples as a function of temperature: (a) CZTS; (b) a-CZTS; (c) CZFTS; (d) a-CZFTS.
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resembling the one observed for CZTS. Accordingly, the spectrum ac
quired at 5 K was simulated (see Fig. S7 and Table S3) by considering 
two different species: an S=5/2 with large zero field splitting parameter 
(D) and high rhombicity (E/D), and an S=1/2 with anisotropic g and 
hyperfine coupling tensor. To account for the anisotropic shape of the g 
≈ 4.27 signal, which would otherwise be isotropic for a purely rhombic 
system, [48] we assumed a gaussian distribution in its rhombicity 
parameter, centered at E/D=0.285. Interestingly, the observed spec
trum, and the corresponding simulation parameters, bears a strong 
similarity with the one of rubredoxin, characterized by a FeS4 chromo
phore in a distorted tetrahedral environment. [54] On increasing tem
perature, a broad signal centered around g=2.00 appears, suggesting 
that the system contains clusters that, on the basis of the resonant field 
value, are possibly made of Iron(III). [52,53].

Also in this case, thermal annealing produces a drastic change in the 
spectrum (Fig. 5d). As reported above for the a-CZTS, a narrow signal 
centered at g=2.00 is evident in the spectrum of a-CZFTS, indicating the 
formation of paramagnetic centers in the lattice on heating. This sug
gests that the loss of Sulfur results from the annealing in a pure inert 
atmosphere, independently from the presence of Iron. At the same time, 
at T = 5 K the Iron(III) signal at g ≈ 4.27 and the anisotropic Copper(II) 
ones (gx,y = 2.08, gz= 2.39) are strongly reduced in intensity (see Fig. S8
and Table S3 for the simulation parameters) and a broad signal becomes 
evident at T = 300 K. Its behavior is typical for large aggregates of Iron 
(III) [52,53], which we consider can form upon thermal treatment.

3.3. Magnetic properties

The results of the magnetic analysis carried out on the four samples 
are reported in Fig. 6, where the magnetization M is displayed as a 

function of the reduced field H/T, and in Fig. 7, which shows the thermal 
dependence of M in an applied field of H = 10 kOe, and the corre
sponding 1/ χ vs. T curves, being χ the mass magnetic susceptibility 
obtained as M/H. In the case of CZTS, the curves of M vs. reduced field 
are superimposed (Fig. 6a) and the trend of 1/χ vs. T is linear in a large 
temperature interval (Fig. 7a). These findings indicate that this sample 
behaves as a paramagnet, as some of us already reported. [45] This 
behavior is attributed to Copper(II) centers. To check that, and also to 
evaluate the Copper(II) fraction, relative to the total amount of Copper, 
we compared the experimental M vs. H curves, at T = 1.9, 2.5 and 4.5 K, 
with Brillouin functions corresponding to g = 2.15, as per EPR data 
(Fig. S9). Assuming that the sample formula is Cu2ZnSnS4, we obtained 
that the Copper(II) fraction is ~ 30% per mole of kesterite (i.e., 15% of 
the total Copper is in +2 oxidation state).

In a-CZTS, M vs. H/T curves are superimposed but a sharp increase in 
M is observed at very low values of the reduced field (Fig. 6b, detailed 
view in Fig. S10), which reaches ~0.1 emu/g at 2 kOe. Interestingly, the 
M vs. T curve shows the presence of a nearly constant background signal 
at essentially the same value of ~0.1 emu/g, which is reflected in the 
strong deviation from linearity of the corresponding 1/χ curve (Fig. 7b). 
These findings support the existence in a-CZTS of a fast-saturating 
magnetization contribution, which shows a weak thermal dependence 
in the investigated temperature range. We tentatively attribute this to 
the thermally induced formation of a component with ferromagnetic- 
type ordering, which is the same giving the temperature-shifting 
signal in EPR (Fig. 5b). The remaining part of the sample is much less 
magnetic than CZTS. In fact, the magnetization values Mmax measured in 
a-CZTS at the highest reduced field (namely at an applied field H =
50 kOe, at three different temperatures), to which the component with 
ferromagnetic-type ordering contributes about 25%, are one order of 

Fig. 6. Magnetization per mass vs reduced field measured at three different temperatures, for the four samples investigated: a) CZTS; (b) a-CZTS; (c) CZFTS; (d) 
a- CZFTS.
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magnitude lower than those found in CZTS (Fig. 6a-b; see also Table S4). 
In line with the EPR analysis of CZTS and a-CZTS, which suggests a 
decrease in Copper(II) abundance (Fig. S11), this result indicates that 
the concentration of paramagnetic species in a-CZTS is an order of 
magnitude lower than that present in CZTS.

As for CZFTS, the doping introduces in the sample an amount of Iron 
which is ~ 5 wt% resulting in an increase in Mmax of about 35% (at 
1.9 K, Fig. 6c). This is consistent with the paramagnetic nature of both 
species which are introduced in the material: Iron(III) (observed by EPR) 
and Iron(II) which, despite being usually EPR silent at X-band frequency, 
is known to be present. [55].

The M vs. H/T curves in Fig. 6c are not superimposed and the M vs. T 
curve shows a small temperature independent contribution of 
~0.06 emu/g, resulting in a slight deviation from linearity in the trend 
of 1/χ vs. T (Fig. 7c). Overall, these results indicate that the magnetic 
state of the material could not be described as purely paramagnetic - in 
line with the presence of a relevant anisotropy, which is tentatively 
attributed to the magnetocrystalline anisotropy of both Iron(II) and Iron 
(III) centers - and that clusters with some degree of magnetic order 
developed into the sample, as already inferred from the room temper
ature EPR analysis (Fig. 5c).

In a-CZFTS, the M vs. H/T curves do not superimpose and display a 
linear trend (Fig. 6d). This finding, and the observation of a peak in the 
M vs. T curve at T~6 K (Fig. 7d), indicate the presence of a predominant 
antiferromagnetic ordering at very low temperature and the transition 
to a paramagnetic regime, respectively. This is consistent with the 
behavior reported for synthetic microcrystalline stannite, where an an
tiferromagnetic/paramagnetic transition was observed at 6.1 K. [55]
However, we also measured a non-zero thermoremanent magnetization 
below T ~ 8 K (Fig. S12), indicating that the antiferromagnetic phase is 
not fully compensated.

Finally, the constant background in the M vs. T curve (Fig. 7d), 
similar to that observed in the as-prepared sample (Fig. 7c), confirms the 
existence of particles with a collective magnetic behavior, which is not 

essentially modified by the annealing treatment. Indeed, in this sample, 
due to the coexistence of these diverse magnetic regimes and phases, it is 
virtually impossible to disentangle and identify them using volume- 
sensitive SQUID magnetometry.

4. Discussion

The main results obtained during this study point to some general 
evidence. On one side magnetic measurements and EPR spectroscopy 
suggest a complex arrangement of valence states for both Copper and 
Iron, in raw and thermally annealed samples. On the other one, the 
determination of the phase composition by XRD, Raman, and UV-Vis 
analyses yields a comparatively simpler picture: raw samples show 
monophasic kesterite phases which are only moderately affected by the 
thermal annealing, resulting in a crystallite evolution and in the partial 
segregation of a SnS phase. The two sets of information taken together 
evidence that the materials investigated present different levels of 
complexity. Thus, the integration of structural characterization methods 
such as XRD and vibrational spectroscopies with other ones, able to 
unravel the nature of valence states, is very useful to compare different 
materials composition and more subtle features.

CZTS is obtained starting from Copper(II), Zinc(II) and Tin(IV) pre
cursors: considering that the formal valence states of the metal ions in 
CZTS are Copper(I), Zinc(II) and Tin(IV), the synthetic process must 
accomplish the reduction of Copper(II) while also providing the struc
tural arrangement to accommodate the larger Copper(I). The reduction 
step can be driven even by the solvent, according to [45]: however, the 
presence of Copper(II) in the product, highlighted by EPR, suggests that 
the reduction process is incomplete. This might be caused either by the 
mild temperature of synthesis, the presence of CuZn antisite defects, or 
by the reaction pathway mainly falling in the nucleation regime. A 
fraction of ions in unexpected valence states (i.e. Copper(II) and Iron 
(III)) is also observed in the raw CZFTS sample. In this case it is 
important to recognize that in most natural and synthetic Cu-, 

Fig. 7. Magnetization per mass (full black squares) and inverse of the mass susceptibility χ as a function of temperature (empty red triangles) for sample CZTS (a), a- 
CZTS (b), CZFTS (c), and a-CZFTS (d).
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Fe-bearing sulfides (both ternary and multinary) the presence of Iron 
(III) is frequently observed. This has been attributed to an internal redox 
re-balance, the couple Copper(I)/Iron(III) being more favored under 
sulfidic environment than the Copper(II)/Iron(II) one, [56–58] a process 
which we suggest occurs also in our case. The inhomogeneous cation 
distribution observed by the STEM investigation in both samples can 
also be traced back to the same process.

In general, one can state that in the raw CZTS and CZFTS samples the 
structural arrangement is very close to the expected model, whereas the 
samples are in a metastable state in terms of metal valence state and 
cation distribution. The annealing thus promotes an evolution of the raw 
samples towards the most stable valence states in the system, i.e. Copper 
(I) and Iron(II), as testified by the quenching of magnetization. This 
process, however, is not the only one occurring on annealing. At least 
three other concurrent processes are worth mentioning: 

1) The rearrangement (migration) towards a more ordered and ther
modynamically stable configuration of the metal cations in the lat
tice, as suggested by the magnetic data.

2) The evolution towards a thermodynamically more stable phase 
composition, as indicated by the occurrence of herzenbergite in both 
the annealed samples (albeit the amount of the secondary phase in 
the doped annealed sample is close to the minimum detection limit of 
the measurement). Thus, while the system evolves towards a more 
stable and ordered configuration, accessory phases can be formed at 
the expenses of the pristine kesterite phase due to their intrinsic 
higher stability. [24,28,29,59]

3) The formation of paramagnetic defects, as evidenced by EPR 
spectroscopy.

5. Conclusions

The results reported here evidence the importance of a multi- 
technique structural and magnetic analysis of polycrystalline CZTS 
NCs and, more generally, of nanocrystalline functional materials, to 
obtain an accurate structural, chemical and electronic description of 
these systems. We demonstrated that a combination of XRD/Raman and 
magnetic measurements/EPR spectroscopy significantly improves our 
ability to identify the formation of secondary phases, even in small 
amounts, and the assignment of valence states and defect formation. As 
for the main properties of the synthesized samples, doping of CZTS with 
Iron resulted in a widespread distribution within the nanoparticles and 
accumulation in regions corresponding to the CZTS phase, where at least 
a part of the total Fe replaces Zn atoms. This is complemented by EPR 
analysis which unequivocally proves that part of the Iron is in the +3- 
oxidation state and indicates the formation of a nanostructured clus
tered phase.

Both for doped and undoped samples, thermal annealing improves, 
as expected, the crystallinity of nanoparticles, thus enabling the iden
tification of secondary phases not visible in the raw NCs. Moreover, the 
EPR results indicate that, in absence of a sulfur source, the thermal 
treatment induces a mechanical and morphological degradation of the 
CZTS lattice and favors the occurrence of magnetically-active complex 
defects, which may reduce the efficiency of CZTS as an absorber mate
rial. [15] As a future perspective, we suggest that the multi-technique 
approach reported here can be applied to different batch of kesterite 
nanoparticles in parallel with optoelectronic characterization of their 
devices. This would allow one to correlate paramagnetic defects for
mation with photovoltaic performance of the device, finally enabling to 
guide material synthesis toward improved efficiency.
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