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Abstract 
Polycrystalline Cu2FeSnS4 materials (abbreviated CFTS) were synthesized by a hydrothermal route implementing a one-step thermal treatment to 
measure dependence on different reaction times in the stabilization and structural, vibrational, and optoelectronic properties. The structural results have 
shown a tetragonal system with I-42m spatial group. The vibrational analysis by Raman spectroscopy allowed the identification of additional crystal 
phases arising from the synthesis procedure and corroborated the presence of a stannite phase. This evaluation showed that the reaction time gave the 
proposed synthesis procedure, significantly affects the semiconductor behavior of the solids; consequently, the conductivity measurements evidence a 
decrease from 1.02x106 to 9.84x105 Ω at 573 K as the synthesis time increases. These results described above, corroborated that the control of the reaction 
time provide a tool to successful fine-tune of the structural and conductivity properties of CFTS materials. 
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Dependencia del tiempo en la síntesis de Cu2FeSnS4 y algunas de 
sus propiedades 

 
Resumen 
Los materiales de Cu2FeSnS4 (abreviado CFTS) se sintetizaron mediante una ruta hidrotermal implementando un tratamiento térmico de 
un solo paso para medir la dependencia de diferentes tiempos de reacción en la estabilización y las propiedades estructurales, vibratorias y 
optoelectrónicas. Los resultados estructurales han mostrado un sistema tetragonal con grupo espacial I-42m. El análisis vibracional por 
espectroscopía Raman permitió la identificación de fases cristalinas surgidas del procedimiento de síntesis y corroboró la presencia de una 
fase estanita. Esta evaluación mostró que el tiempo de reacción dado por el procedimiento de síntesis, afecta significativamente el 
comportamiento semiconductor de los sólidos; en consecuencia, las medidas de conductividad evidencian una disminución de 1,02x106 a 
9,84x105 Ω a 573 K a medida que aumenta el tiempo de síntesis. Estos resultados corroboran que el control del tiempo de reacción 
proporciona una herramienta para el ajuste de las propiedades estructurales y de conductividad de los materiales CFTS. 
 
Palabras clave: hidrotérmico; fotovoltaico; semiconductor. 

 
 
 

1 Introduction 
 
Currently, the photovoltaic technologies focus on the 

development of new materials which allow reducing the 
electric dependence and promote a low environmental 
impact, which represents the main challenge in the progress 
of solar technology, principally concentrated in the use of 
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non-rare elements, low toxicity and the possibility of 
production at industrial level [1–5]. Recent studies in this 
field have been pointed that synthesis and characterization of 
chalcopyrite compounds like CuInS2 (CIS), AgInS2 (AIS), 
kesterite Cu2ZnSnS4 (CZTS) and stannite Cu2FeSnS4 (CFTS) 
materials have been shown excellent performance on 
photovoltaic technologies (PV) since the stannite/kesterite 
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structure is based on non-rare, abundant elements in the earth 
surface and also exhibit an effective band-gap semiconductor 
behavior with values around 1.5 eV [6–8].  

The photovoltaic cell efficiency (abbreviate PCE) of a p-type 
CZTS thin-film system (abbreviate TFSC) has achieved values 
around 12.6%, which makes that its fabrication process be 
particularly challenging to reach comparable values to other 
devices like the polycrystalline silicon [9, 10]. However in the 
case of CZTS materials and derived structures, due the similar 
atomic radius between Cu and Zn have, is clear an intermixing 
phenomena in the crystal lattice that evidence multiple structural 
defects and electrostatic potential fluctuations due to the 
concentration of CuZn+ZnCu sites, which deteriorates the solar cell 
efficiency [11-13]. As result, it is essential to find alternatives to 
kesterite structure synthesis, as well as an opportunity to improve 
the relationship between Cu or Zn in the lattice with some other 
elements, which become an exciting alternative to decrease the 
optical band-gap (1.28–1.50 eV) and the optical absorption 
coefficients (> 104 cm-1), in CZTS materials [10–12, 14, 15]. In 
this sense, although Fe is more soluble in the lattice and produces 
an increase in conductivity, according to Vanalakar et al. [13], the 
Cu2FeSnS4 material shows an Sn-S polyhedral structure that 
promotes the replacement of Zn by Fe, which may change the 
polarizability, improving the surface morphology and the 
concentration of intrinsic defects in a very effective way, 
depending on the grain size and defects concentration, reducing 
the carrier recombination at grain boundaries, contributing to 
conversion efficiency when the material is used as absorber layer 
in the design of solar cells. It is clear that the obtention of CFTS 
materials by means of non-conventional routes enable the 
development of suitable properties characterized by a high control 
of homogeneity, average crystal size through a facile and low-cost 
procedure. 

Even though CFTS-based solar cells have a relevant 
photoconversion efficiency [15], only since 1967, about 90 
papers on CFTS thin films and nanocrystalline structures have 
been published according to Vanalakar et al. [10, 13].   Several 
procedures have been used to date, including hydro and 
solvothermal, hot injection, microwave aided, and liquid reflux 
methods, the reason why this route is a well-known and efficient 
method to design new materials at low cost [13,16,17].  

In this context, it is clear that current work focuses on the 
synthesis, characterization and assembly of a solar cell based 
on a CFTS stannite system, using a one-step hydrothermal 
reaction, starting from corresponding dissolutions metal 
salts. The work will permit the identification of the optimal 
reaction time, and its dependence is given the thermal 
treatment, thus in order to get the principal crystalline 
structure of CFTS with some apparent semiconductor 
properties, removing the conventional sulfurization process 
and contributing to reducing the production costs of 
photovoltaic materials based on stannite structures where 
further thermal treatments are required. 

 
2 Methodology 

 
2.1 Hydrothermal synthesis 

 
The three CFTS materials were obtained from metal 

cation dissolutions, which were prepared to start from 

corresponding nitrates of Cu(NO3)2·6H2O, Fe(NO3)3·9H2O, 
anhydrous tin chloride SnCl2, and thiourea (abbreviated TU) 
as a sulfur source in deionized water Milli-Q (18 MΩ.cm). 
The metal salts dissolutions were standardized at 1.0 molL-1 
concentration, and the TU was added in solid form into a 
Teflon vessel autoclave according to its solubility constants. 
The resultant mixture in stoichiometric quantities of each 
metal cation and TU were subjected to magnetic stirring (250 
rpm) for 30 min at room temperature until homogenization. 
After this, the autoclave was sealed and placed in an electric 
convection oven for different times (12, 24, and 48 hours) at 
573 K. At the end of each process, the autoclave was cooled, 
and the CFTS materials in each case were washed several 
times in absolute ethanol to remove unwanted products. The 
obtained materials at 12, 24, and 48 hours were dried at 343 
K in an electric oven before characterization. 

 
2.2 Materials characterization 

 
According to the suggested method, the obtained 

materials the structural, morphologic, and optoelectronic 
properties were evaluated. The structural analysis by XRD 
analysis using a PANalytical X´pert PRO-MPD equipment 
with Ultra-fast X'Celerator in a Bragg-Brentano 
configuration, using the Cu radiation Kα (λ= 1.54186 Å) 
between 10° and 90°. The Raman vibrational spectroscopy 
measures were carried out in an NRS-3100 Raman 
spectrophotometer with simple monochromator 600, 1/mm 
grid, UMPLFL 20 x BS/DM 785 nm lens, and a 10.4 mW 
laser power. The morphological analysis was carried out by 
scanning electron microscopy (SEM) using an LEO 440 
(Leica-Zeis) microscope with an electron gun and an 
acceleration voltage of 1-30 kV with an X-ray dispersion 
spectrometer. The transmission electron microscopy (TEM) 
analysis was carried out in a JEOL 2100 microscope with an 
acceleration voltage of 200 kV with a CCD high-resolution 
image chamber using Au coating.  

The electrical efficiency of a photovoltaic cell assembled 
using the CFTS 48h material was done using a precision 
micro-diamond scriber MR200 OEG equipment in which a 
precision tracing tool of a diamond tip tool and an optical 
system of positioning was used to create the microcells of 
0.090 cm2. The cell was tested in a Sun 3000 class AAA solar 
simulator, Abet Technology, equipped with standard lighting 
conditions AM 1.5 and 100 mW/cm2. The electric parameters 
at open-circuit voltage (Voc), short circuit current (Isc), fill 
factor (FF), and efficiency was determined from the data 
provided by the simulator. 

 
2.3 Construction of photovoltaic cell 

 
With the use of 0.5 g of CFTS 48h sample, it was possible 

to produce a grounded mixture using 5 mL of DMSO (Merck 
99.9%), which was stirring for 30 min at room temperature. 
The solid was dissolved. It is kept stirring until the obtention 
of a homogeneous solution serves to deposit the material as a 
film, using the spin coating technique over a commercial 
substrate coated with metallic molybdenum 20x20 mm2. The 
substrate was previously washed with isopropanol and 
activated under thermal treatment at 323 K in an electric oven 
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for 20 min. The spin coating method allows the deposition of 
10 layers of material at 2000 rpm for 20 seconds, and in each 
deposit, the drying was carried out on a hot plate at 423 K for 
5 minutes in each cycle. The substrate configuration was 
(Mo/CFTS48/CdS/i-ZnO/ITO), where the CdS and i-ZnO 
layers were deposited by chemical bath deposition (CBD), 
and the ITO layer was sputtered in a DC magnetron 
sputtering equipment. The layers of CdS and i-ZnO were 
applied with an approximate thickness of 50 and 400 nm, 
respectively, and the ITO layer with a thickness of 450 nm, 
to obtain the I−V plots: 

 
3 Results 

 
3.1 Structural analysis by X-ray diffraction 

 
The Diffraction patterns of solids shown in Fig. 1, 

confirm the obtention of a CFTS structure in case of 48 hours 
material, with secondary phases () related to the synthesis 
procedure in case of CFTS 12 and CFTS 24. Also, it is clear 
the ordering of the preferential lattice patterns of the structure 
as well as an increase in the intensity of the signals according 
to the rise of the temperature. 

The diffraction patterns were analyzed through X'Pert 
HighScore software using the JCPDS/PDF databases; the 
results confirm the presence of Cu4Fe2Sn2S8 material, 
identified with JCPDS 70-4373, tetragonal crystalline system 
I-42m space group, cell parameters a=5.46, b=5.46, and 
c=10.72 Å, α, β and γ=90 ° with a cell volume 320×106 pm3 
in CFTS 12 and CFTS 24 solids. These parameters were 
correlated with the obtained material by indexing each 
intense signal related to the (1 0 3) and (2 2 1) facets to 34.91 
and 56.64 2𝛉𝛉 degrees, respectively. According to the 
diffraction patterns, the obtention of a Stannite crystalline 
phase was achieved as following previous results [18,19]. In 
identifying process, the stannite crystal structure exhibit 
secondary phases derived from the hydrothermal synthesis 
procedure at low temperature, such as SnS2, CuS, FeS2, and 
ZnS. 

 

 
Figure 1. XRD patterns of the CFTS polycrystalline materials were obtained 
at 12h, 24h, and 48h by a hydrothermal procedure. 
Source: Own source 

 

On the contrary, in the CFTS 48 material, the crystalline 
structure was consistent with the JCPDS 44-1476, tetragonal 
crystalline system I-42m space group, cell parameters 
a=5.4501, c=10.7390.72 Å, α, β and γ=90 ° with a cell 
volume 319×106 pm3, along main diffraction signals located 
at 27.09, 32.78, 48.86 and 57.61° 2𝛉𝛉 of (1 1 2), (0 0 2), (2 2 
0) and (3 1 1) facets respectively; being clear that the increase 
in the reaction time, leads to a significant consolidation of the 
CFTS phase. Such results provide strong evidence of low 
thermodynamic stability of secondary phases under proposed 
synthesis conditions, leading to the obtention of a 
polycrystalline sample with a high lattice-match concerning 
desired characteristics. 

Using the Williamson-Hall plot method (Fig 2) to 
estimate the average crystal size of the obtained materials 
with 5.16 nm, 7.68 nm, and 73.68 nm at 12, 24, and 48h each 
one was clear that the reaction time has a direct influence on 
the crystal size due to the strain constant slightly decreases, 
thus enhance the stabilization of the lattice ordering into the 
polycrystalline structure, providing a high crystallinity 
shown in the 48h reaction time diffractogram (Fig 1) of the 
obtained material [16]. 

Even though the XRD analysis is the most frequent tool 
used for structural determination, this technique cannot 
distinguish between some of the additional signals that could 
be present and related to some additional phases that can be 
derived from the proposed synthesis procedure. In fact, that 
is the main reason for which the X-ray diffraction pattern of 
CFTS (JCPDS 70-43-47) is quite similar to FeS (JCPDS 23-
1123) and Cu3SnS4 (JCPDS 33-0501). Given the above, the 
knowledge and identification of each of the crystal phases 
present in the crystal lattice is an essential parameter in order 
to clarify the electronic properties due to the structural and 
vibrational properties of the material, in which the vibrational 
identification of all crystal components by Raman 
spectroscopy provides a more reliable and clear 
differentiation of the crystal structures into the obtained 
materials [20]. 

 

 
Figure 2. Williamsom-Hall plot of the CFTS polycrystalline materials 
obtained at 12h, 24h, and 48h. 
Source: Own source 
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Figure 3. Raman Non-linear fit profile (NLFP) with Lorentzian functions of 
the CFTS polycrystalline materials obtained at a. 12h, b. 24h and c. 48h. 
Source: Own source 

 
 

3.2 Vibrational analysis by Raman spectroscopy 
 
From vibrational analysis shown in Fig 3, it is possible to 

confirm the obtaining of the polycrystalline CFTS materials 
with a stannite crystal structure and its corresponding space 
group (I-42m), which, when contrasted with the Bilbao 
Crystallographic Server, reveals a correlation with the 
Mülliken notation (D2d) according to the punctual group 
notation, where the polarization tensor that involves active 
bands in Raman spectroscopy can be described as Γ = 
2A1⊕2B1⊕4B2(LO/TO)⊕6E(LO/TO) in accordance with X. 
Fontané and others, [21–24]. In this sense, the correlation 
between the structural properties with the vibrational 
behavior of the system is framed. 

Given the active and expected bands by Raman 
spectroscopy, the A1 as the principal vibrational mode is 
expected to exhibit two strong signals which involve cation 
displacing movements, as has been observed in Chalcopyrite 
structures [24,25]. Polarization tensor also shows B2 and E 
actives modes in Raman and IR, which is also a LO-TO 
splitting due to the polar nature [24]. Fig. 3b, 3c showed non-
linear peak profile fitting using Lorentzian functions for the 
obtained solids, between 150 and 800 cm-1 where the 
strongest signals occur, having found that as the reaction time 
increases, the intensity of the related peaks grows mainly in 
the CFTS 24 and CFTS 48 samples.  

Fig. 3a shows no evidence of a significant crystal lattice 
ordering that allows the vibrational transitions of a crystalline 
material to be produced.  According to the fitting of the 
experimental data with Lorentzian functions shown in Fig. 3a and 
3b, has allowed finding characteristic predominant peaks at 290 
cm-1 and 289 cm-1 which are attributed to the all one-dimensional 
symmetric cations which moves towards x-axis positive values 
according to A1 vibrational mode from stannite structure [24,25]. 
Also, weaker contributions were found at 250 and 251 cm-1 
endorsed as one-dimensional asymmetric B2 vibrational mode 
where half of the Cu atoms move toward positive values of the z-
axis (perpendicular to the Cu-Zn plane). However, the other half 
moves toward negative values of the z-axis, while Zn and Sn 
atoms remain stationary. However, peaks at 341 and 344 cm-1 
move toward xy as a typical two-dimensional representation of E 
vibrational mode for stannite crystal lattice [24,26]. Peak fitting 
profile of data also reveals additional phases related to the 
hydrothermal synthesis procedure where SnS2 (184 and 175 cm-

1)[26–29], CuS (473 cm-1)[30], and FeS2 (513 cm-1) [31,32] 

through the association of a vibrational mode A1g at where Sn-S, 
Cu-S, Fe-S atoms move evenly toward the inversion center, one-
dimensional vibration peaks found at 626 and 628 cm-1 rated to 
characteristically A1 vibrational mode of ZnS [33,34]. 

Thus, it has been clear that vibrational analysis allows to not 
only make a clear identification of every additional phase present 
onto the polycrystalline structure but also confirm due to the 
intense Raman peak in the spectra that obtained material at 48h 
shows significant improvements in crystallinity order of the 
polycrystallinity of the Stannite-type structure thorough the slight 
contractions on the lattice parameter observed within the 
Williamson-Hall plot and XRD results. 

 
3.3 Morphological analysis by transmission electron 

microscopy (TEM) 
 
The TEM analysis of samples exhibits the presence of 

nanocrystallite clusters with heterogenous composition and 
small grain boundaries, as shown in Fig. 4. The average 
crystallite size of CFTS nanoparticles is expected to be 
approximately 6, 8, and 74 nm as reaction time increase by 
12h to 48h, respectively, as has been corroborated by K. 
Mokurala et al. [35] through the analysis of W-H plots. 

In the transmission electron microscopy images, was 
evident the obtention of nanoparticle structures of CFTS, 
with crystal sizes associated with XRD results. The images 
of Fig 4 reveals agglomerated nanoparticles derived from 
high surface area according to with synthesis method except 
in sample obtained at 48 h, in which the crystalline size of the 
material is around 70-80 nm; these results were obtained with 
a population of 100 particles per image using the IMAGE-J 
software. In general, the particles are homogeneously 
distributed, and such results are consistent with previous 
results [36]. 

 

 
Figure 4. TEM images and particle size distribution of the CFTS 
polycrystalline materials obtained at a, b. 12h, c, d. 24h and e, f. 48h using 
the IMAGE-J software. 
Source: Own source 
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Figure 5. HR-TEM and SAED pattern images of the CFTS polycrystalline 
materials obtained a, b. 12h, c, d. 24h and e, f. 48h with its corresponding d-
spacings. 
Source: Own source 

 
 
The HR-TEM and SAED analysis (Fig 5) shows 

dispersed nanocrystals with an average size around 7-8 nm 
for samples obtained at 12 and 24 hours; however, for the 
sample obtained at 48 h, the crystallite size is around 75 nm. 
The images processed by the IMAGE-J software reveal an 
excellent crystallinity level of all samples and interplanar d-
spacing along (1 0 3) facet of 2.7-3.1Å for CFTS 24 and 
CFTS 48 in agreement with results of Jiang et al., [4], besides 
the particle size expected by the W-H plot. The further 
analysis evaluated by means SAED patterns shows structures 
conformed by rings of main diffraction signals with dominant 
spots, mainly in samples obtained at long time reaction, 
indicating a polycrystalline nature of the materials. The 
selected area electron diffraction (SAED) pattern of Fig. 5 
matched with the stannite structure of CFTS. 

The grain sizes of materials are one of the essential factors 
affecting the performance of polycrystalline solar cells, due 
to large grain size could increase the carrier diffusion length 
and reduce the carrier recombination at grain boundaries, 
contributing to conversion efficiency solar energy [4]. In 
general, the dispersed nanocrystals are consistent with a 
tetragonal crystalline system I-42m, as has been previously 
established [35,37,38], confirming the effectiveness of the 
proposed method to obtain the proposed materials under long 
reaction time conditions.  

 
3.4 Optical properties measured by UV-Vis absorption 

spectroscopy 
 
The optical properties measurements were carried out 

through absorption spectra in UV-Vis spectroscopy, 

considering that the molar absorptivity coefficient of the 
obtained materials given the absorption data of each of these 
is more significant than 104cm-4 in the visible region, then, 
the semiconductor performance is established as direct 
allowed transitions following what is expected for 
CFTS/CZTSe structures. In the direct transition 
semiconductor, the optical energy bandgap (Eopt) and the 
optical absorption coefficient (α) are related by the eq. (1) 
[39,40] .  

 
(𝛼𝛼𝛼𝛼)1 2� =  𝛽𝛽1 2� �𝛼𝛼 − 𝛼𝛼𝑜𝑜𝑜𝑜𝑜𝑜� (1) 

 
Where α is the absorption coefficient, 𝛽𝛽 is the optical 

density of state and E is the photon energy. Therefore, the 
optical bandgap can be obtained by extrapolating the 
tangential line to the photon energy (E=hυ) axis in the plot of 
(αhυ)2 versus photon energy (hυ) [41,42]. The UV-vis 
absorption measurements thorough the band-gap calculation 
by the Tauc method (Fig 6) show that as the reaction time 
increases, the bandgap decreases from 3.909 to 3.709 eV, 
suggesting the obtaining of a disordered Stannite phase due 
to the increased bang-gap values given the arrangement 
between the Cu/Fe atoms in the polycrystalline material 
lattice [43]. Although the band-gap values for Stannite-type 
materials are reported between 1.5-2.0eV[44], hence the 
additional phases derived from the synthesis process 
contribute significantly to the increase in the band-gap of the 
polycrystalline system. The lattice ordering into the 
polycrystalline obtained materials structures given by the W-
H plot (Fig. 2) suggests that as the stabilization due to the 
total broadening of the crystal lattice increases, the band-gap 
decreases. 

It is clear that structural analysis acquired by XRD, 
Raman vibrational analysis, and TEM indicates highly 
correlated properties of the obtained materials to the 
semiconducting performance of the CFTS polycrystalline 
material, which is significantly affected by the reaction time 
in the hydrothermal procedure [45].  

 

 
Figure 6. a. Tauc plot for Bang-Gap calculation from b. absorption spectra 
of the CFTS polycrystalline obtained materials at 12h, 24h, and 48h.  
Source: Own source 
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Figure 7. Nyquist plots for CFTS samples at a. 12 h, b. 24 h, and c. 48 h from 
298 to 573 K with different electrical resistance values. 
Source: Own source 

 
 

3.5 Solid-state impedance spectroscopy 
 
The results derived from impedance spectroscopy shown 

in Fig. 7, obtained at different temperatures from 298 to 573 
K each 50 K, confirm a strong dependence of conductivity to 
the carrier transport concentration in CFTS samples obtained 
at different temperatures. 

The impedance results allow obtaining information 
related to the electrical properties of the CFTS material and, 
in particular, of the processes involved with the charge 
carriers as a function of the frequency used in the 
measurements between 40 Hz and 1 MHz. The decrease of 
the values of impedance with increasing temperature and 
frequency is consistent with a behavior of the typical 
resistance coefficient in semiconductor materials, which only 
applies to the case of CFTS compounds obtained at 48 hours, 
since in the other cases (12 and 24 hours), it is clear that 
resistivity increases with temperature: the higher the 
temperature, the higher the resistivity, and therefore, the 
lower conductivity, which is consistent with a metallic 
behavior and present in alloys or compositions in which the 
purity of the desired phase is not optimal [46]. It is evident in 
all cases that in the low-frequency region, the values are very 
close to zero in all cases, with which the presence of 
polarization effects in the measurements made can be ruled 
out. In the case of the CFTS sample obtained at 48 hours, the 
reduction in impedance values decreases with increasing 
temperature, which indicates that the processes are thermo-
dependent associated with Debye-type relaxation  
 

 

 
Figure 8. a. Grain resistance vs. temperature and b. Mott variable range 
hopping model in CFTS samples at different temperatures. 
Source: Own source 

 
Figure 9. a. Activation energies of grains and grains boundary as a function 
of temperature between room to 573 K, and b. Activation energy vs. 
electrical conductance G in CFTS 48 sample. 
Source: Own source 

 
 

mechanisms, in which the graphs of Nyquist are fitted with 
an equivalent circuit model that determines the existence of 
impedances associated with grain limits (RgCg), which were 
evaluated using the Z-plot software, revealing that these 
become less capacitive and resistive due to the effect of 
temperature as shown in Fig. 8a. 

It is thus evident that in the case of CFTS 12h and CFTS 
24h materials, the increase in temperature brings with it an 
increase in resistance from values of 1.35x106 to 1.78x106 Ω 
and from 1.12x106 to 1.61x106 Ω in each case, respectively. 
This behavior can be attributed to the presence of SnS2, CuS, 
FeS2, and ZnS compound in the phases achieved at 12 and 24 
hours, which supports an alloy-like behavior as indicated in 
previous X-ray diffraction analyzes. In contrast, the decrease 
in resistance from 1.02x106 Ω at room temperature (298 K) 
to 9.84x105 Ω at 573 K for the CFTS 48h sample is attributed 
to a net semiconductor behavior and a decrease in grain 
boundary width, determining that there is a significant 
relationship with the grain limits driving mechanism linked 
to Mott's variable range jump model, in which the 
relationship ln(R/Ro) = (To/T)1/4 is applied. The model 
allows us to explain the prevalent conduction mechanism in 
this semiconductor material, establishing that at high 
temperatures, the charge carriers produce a random potential 
fluctuation attributed to the jumps that can occur between the 
active structural sites within a specific range of energies that 
are characterized by having certain activation energy values, 
which can be obtained from the slope of the straight line that 
is generated when graphing Mott's variable range jump 
model as indicated in Fig. 8b [47]. 

The analysis of the data of the Mott model allows to 
obtain the values of To, such as the slope of Fig. 8b, with 
which and making use of the expression for the calculation 
of the energy for the load carrier W = 0.25KBT0

1/4T3/4, thus 
the activation energy values for this process can be obtained, 
as indicated in Fig. 9a. 

The calculated values of the activation energies allow 
obtaining the electrical characteristics of the material, being 
able to confirm the existence of thermally activated charge 
transfer processes, where the jumps of the charge carriers 
occur in the context of a potential well, according to Fatima 
et al. [48]. It is clear that the activation energy calculated for 
the CFTS 48 material is dependent on the electrical 
conductance values (G) up to a point where its behavior 
becomes asymptotic according to the trend shown, up to limit 
values of 0.00175 eV, which indicates that this process is 
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subject to a mechanism that stabilizes near the maximum 
measurement temperature of 573 K, in accordance with an 
electronic type transfer process as indicated in the eq. (2): 

 
𝐺𝐺 ∝ 𝑒𝑒�−

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
𝐾𝐾𝐾𝐾 � (2) 

 
These prevalent conduction mechanisms of electronic 

type are consistent with the adjustment of the equivalent 
circuit model provided by the Z-plot software of Fig. 8a; thus, 
Mott's variable range jump model determines that the 
conductance is attributed to a purely electronic load transfer 
phenomena rather than processes associated with the 
presence of vacancies in the crystal lattice, which requires a 
more significant energy input [49]. 

 
3.6 Electrical performance of CFTS 48 photovoltaic cell  

 
Fig. 10 shows the curve of the electrical characteristics of 

the photovoltaic cell assembled with the CFTS 48h material. 
The results show that the device exhibits an efficiency close 
to 2.15%, in an area of 0.090 cm2, where the open-circuit 
voltage (Voc) is located around 1.18 V with short-circuit 
current values (Isc) close to 23.6 mA/cm2, with e a fill factor 
closes to 60.42% is identified. Such value is associated with 
the eventual discontinuity of the layers of the CdS cell and i-
ZnO-ITO, which generate a resistive effect under the 
deposition conditions developed in this paper.   

 

 
Figure 10. Multijunction cell device ensembled with the 48h CFTS 
photovoltaic material and its V-I curve and power diagram tested at room 
temperature. 
Source: Own source 

 
Analysis of the V-I curve of the solar cell under lighting 

conditions shifts the curve slightly towards the fourth 
quadrant where energy can be extracted, such that the current 
can be analyzed with eq. (3): 

 

𝐼𝐼 = 𝐼𝐼0[𝑒𝑒
𝑞𝑞𝑞𝑞
𝑛𝑛𝐾𝐾𝐾𝐾 − 1] − 𝐼𝐼𝐿𝐿 (3) 

 
Where IL is the light current, so its effect on the 

characteristics of the current-voltage graph can be analyzed 
by the eq. (4): 

𝐼𝐼 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼0[𝑒𝑒
𝑞𝑞𝑞𝑞
𝑛𝑛𝐾𝐾𝐾𝐾 − 1] (4) 

 
Since the -1 term in the previous equation can usually be 

neglected due to the exponential component being much 
more prominent, this suggests that the curve obtained has a 
maximum power identified as PMP, where the CFTS cell 
could be operated to generate the maximum output power, 
which is given at current values between 17.9 and 20.8 
mA/cm2 and limit voltages between 0.75 and 0.94 V. 
Although the results of the photovoltaic characterization 
show that the efficiency is very low for this case, it is possible 
that under improved and controlled synthesis conditions with 
longer reaction times and temperatures, they allow 
consolidating a purer crystalline phase in order to improve 
the eventual application of these technologies to the design 
of more efficient solar panels. 

 
4 Conclusions 

 
It has been determined that the dependence of the reaction 

time at a constant temperature given the proposed synthesis 
procedure has an enormous impact on obtaining CFTS 
polycrystalline stannite type materials. From the structural 
properties analysis, the stabilization of the solid crystal 
lattice, given its total broadening, was evident by increasing 
the reaction time, confirming the obtaining of polymorphs 
derived from the synthesis procedure. Considering the above, 
it is clear then that the time reaction leads to a stabilization of 
the crystalline lattice, reducing the appearance of polymorphs 
and consequently modifies the optoelectronic and optical 
behavior of the obtained materials. Even rugged that 
materials with an apparent semiconductor behavior were 
obtained, the appearance of polymorphs fomented a dramatic 
reduction in its performance as an absorbent layer in a 
photovoltaic device. 

Finally, the need to expand the research on this class of 
materials suits clear once the dependence of the reaction time 
has been confirmed, pushing the perspectives towards longer 
reaction times, seeking a proper stabilization and 
consolidation of the crystal lattice that eventually allows 
increasing the efficiency of high-performance photovoltaic 
devices. 

 
References 

 
[1] Song, X., Ji, X., Li, M., Lin, W., Luo, X. and Zhang, H., A review on 

development prospect of CZTS based thin film solar cells, 
International Journal of Photoenergy, x(x), pp. 1-11, 2014. DOI: 
https://doi.org/10.1155/2014/613173. 

[2] Wang, W., Shen, H., Yao, H. and Li, J., Preparation and properties of 
Cu2FeSnS4 nanocrystals by ultrasound-assisted microwave irradiation, 
Materials Letters, 125, pp. 183-186, 2014. DOI: 
https://doi.org/10.1016/j.matlet.2014.03.166. 

[3] Zhang, J., Shao, L., Fu, Y. and Xie, E., Cu2ZnSnS4 thin films prepared 
by sulfurization of ion beam sputtered precursor and their electrical and 
optical properties, Rare Metals. (25), pp. 315-319, 2006. DOI: 
https://doi.org/10.1016/S1001-0521(07)60096-5. 

[4] Jiang, X., Xu, W., Tan, R., Song, W. and Chen, J., Solvothermal 
synthesis of highly crystallized quaternary chalcogenide Cu2FeSnS4 
particles, Materials Letters, (102-103), pp. 39-42, 2013. DOI: 
https://doi.org/10.1016/j.matlet.2013.03.102. 

[5] Meng, X., Deng, H., He, J., Zhu, L., Sun, L., Yang, P. and Chu, J., 
Synthesis of Cu2FeSnSe4 thin film by selenization of RF magnetron 



Muñoz-Malpica et al / Revista DYNA, 90(225), pp. 147-155, January - March, 2023. 

154 

sputtered precursor, Materials Letters, (117), pp. 1-3, 2014. DOI: 
https://doi.org/10.1016/j.matlet.2013.11.107. 

[6] Shin, S.W., Han, J.H., Park, C.Y., Moholkar, A.V., Lee, J.Y. and Kim, 
J.H., Quaternary Cu2ZnSnS4 nanocrystals: facile and low cost 
synthesis by microwave-assisted solution method, Journal of Alloys 
and Compounds, (516), pp. 96-101, 2012. DOI: 
https://doi.org/10.1016/j.jallcom.2011.11.143. 

[7] Yu, X., Ren, A., Wang, F., Wang, C., Zhang, J., Wang, W., Wu, L., Li, 
W., Zeng, G. and Feng, L., Synthesis and characterization of CZTS 
thin films by sol-gel method without sulfurization, International 
Journal of Photoenergy, (2014), pp. 1-7, 2014. DOI: 
https://doi.org/10.1155/2014/861249. 

[8] Shin, S.W., Han, J.H., Park, C.Y., Kim, S.R., Park, Y.C., Agawane, 
G.L., Moholkar, A.V., Yun, J.H., Jeong, C.H., Lee, J.Y. and Kim, J.H., 
A facile and low cost synthesis of earth abundant element Cu2ZnSnS4 
(CZTS) nanocrystals: effect of Cu concentrations, Journal of Alloys 
and Compounds, (541), pp. 192-197, 2012. DOI: 
https://doi.org/10.1016/j.jallcom.2012.06.086. 

[9] Wang, W., Winkler, M.T., Gunawan, O., Gokmen, T., Todorov, T.K., 
Zhu, Y. and Mitzi, D.B., Device characteristics of CZTSSe thin-film 
solar cells with 12.6% efficiency, Advanced Energy Materials, (4) pp. 
1-5, 2014. DOI: https://doi.org/10.1002/aenm.201301465. 

[10] Vanalakar, S.A., Agawane, G.L., Shin, S.W., Suryawanshi, M.P., 
Gurav, K.V., Jeon, K.S., Patil, P.S., Jeong, C.W., Kim, J.Y. and Kim, 
J.H., A review on pulsed laser deposited CZTS thin films for solar cell 
applications, Journal of Alloys and Compounds, (619), pp. 109-121, 
2015. DOI: https://doi.org/10.1016/j.jallcom.2014.09.018. 

[11] Zhong, G., Tse, K., Zhang, Y., Li, X., Huang, L., Yang, C., Zhu, J., 
Zeng, Z., Zhang, Z. and Xiao, X., Induced effects by the substitution 
of Zn in Cu2ZnSnX4 (X = S and Se), Thin Solid Films. 603 pp.  224-
229, 2016. DOI: https://doi.org/10.1016/j.tsf.2016.02.005. 

[12] Gokmen, T., Gunawan, O., Todorov, T.K. and Mitzi, D.B., Band 
tailing and efficiency limitation in kesterite solar cells, Applied Physics 
Letters, (103), pp. 2-7, 2013. DOI: https://doi.org/10.1063/1.4820250. 

[13] Vanalakar, S.A., Patil, P.S., Kim, J.H., Recent advances in synthesis of 
Cu2FeSnS4 materials for solar cell applications: A review, Solar 
Energy Materials. Sol. Cells., (182), pp. 204-219, 2018. DOI: 
https://doi.org/10.1016/j.solmat.2018.03.021. 

[14] Sharif, M.H., Enkhbat, T., Enkhbayar, E., and Kim, J., Control of 
defect states of Kesterite solar cells to achieve more than 11% Power 
conversion efficiency, ACS Applied Energy Materials, (3), pp. 8500-
8508, 2020. DOI: https://doi.org/10.1021/acsaem.0c01141. 

[15] Prabhakar, R.R., Huu-Loc, N., Kumar, M.H., Boix, P.P., Juan, S., John, 
R.A., Batabyal, S.K., and Wong, L.H., Facile water-based spray 
pyrolysis of earth-abundant Cu2FeSnS4 thin films as an efficient 
counter electrode in dye-sensitized solar cells, ACS Applied Materials 
Interfaces, (6), pp. 17661-17667, 2014. DOI: 
https://doi.org/10.1021/am503888v. 

[16] Li, Q., Wei, A.X., Tao, W.K., Liu, J., Zhao, Y., and Xiao, Z.M., Effect 
of reaction temperature and reaction time on the properties of 
Cu2ZnSnS4 nanocrystalline thin films prepared by microwave 
irradiation, Chalcogenide Letters, (14), pp. 465-474, 2017. 

[17] Quintero, M., Barreto, A., Grima, P., Tovar, R., Quintero, E., Porras, 
G.S., Ruiz, J., Woolley, J.C., Lamarche, G., and Lamarche, A.M. 
Crystallographic properties of I2-Fe-IV-VI4 magnetic semiconductor 
compounds, Materials Research Bulletin, (34), pp. 2263-2270, 1999. 
DOI: https://doi.org/10.1016/S0025-5408(00)00166-5. 

[18] Nateprov, A., Kravtsov, V.C., Gurieva, G., and Schorr, S., Single 
crystal X-ray structure investigation of Cu2ZnSnSe4, Surface 
Engineering and Applied Electrochemistry, (49), pp. 423-426, 2013. 
DOI: https://doi.org/10.3103/S1068375513050098. 

[19] Khoshmashrab, S., Turnbull, M.J., Vaccarello, D., Nie, Y., Martin, S., 
Love, D.A., Lau, P.K., Sun, X., and Ding, Z., Effects of Cu content on 
the photoelectrochemistry of Cu2ZnSnS4 nanocrystal thin films, 
Electrochimica Acta, (162), pp. 176-184, 2015. DOI: 
https://doi.org/10.1016/j.electacta.2014.12.173. 

[20] Zhou, B., Yan, X., Li, P., Yang, L., and Yu, D., Raman spectroscopy 
as a superior tool to understand the synthetic pathway of Cu2FeSnS4 
nanoparticles, European Journal of Inorganic Chemistry, (2015), pp. 
2690-2694, 2015. DOI: https://doi.org/10.1002/ejic.201500189. 

[21] Gächter, B.F., The irreducible Raman scattering tensor operator for the 
32 crystallographic point groups and its application to the resonance 

and electronic Raman effect, Journal of Molecular Spectroscopy, (63), 
pp. 1-22, 1976. DOI: https://doi.org/10.1016/0022-2852(67)90130-0. 

[22] Zuber, J.B., Invariances in physics and group theory, in: Ji, L., and 
Papadopuolus, A., Eds., Sophus Lie Felix Klein Erlangen Progr. Its 
Impact Math. Physics., 2015, pp. 307-324. DOI: 
https://doi.org/10.4171/148-1/12. 

[23] Cooke, R.G., Theory of groups and its application to physical 
problems, Nature, (169), 1952, 726 P. DOI: 
https://doi.org/10.1038/169726a0. 

[24] Fontané, X., Izquierdo-Roca, V., Saucedo, E., Schorr, S., 
Yukhymchuk, V.O., Valakh, M.Y., Pérez-Rodríguez, A., and Morante, 
J.R., Vibrational properties of stannite and kesterite type compounds: 
Raman scattering analysis of Cu2(Fe,Zn)SnS4, Journal of Alloys and 
Compounds, (539), pp. 190-194, 2012. DOI: 
https://doi.org/10.1016/j.jallcom.2012.06.042. 

[25] Hallt, S.R., Szymanski, J.T., and Stewart, J.M., Kesterite, 
Cu2(Zn,Fe)SnS4, and Stannite, Cuz(FeZn)4, structurally similar but 
distinct minerals, The Canadian Mineralogist, (16), pp. 131-137, 1978. 

[26] Burton, L.A., and Walsh, A., Phase stability of the earth-abundant tin 
sulfides SnS, SnS2, and Sn2S3, Journal of Physical Chemistry C, (116), 
pp. 24262-24267, 2012. DOI: https://doi.org/10.1021/jp309154s. 

[27] Nikolic, P.M., Mihajlovic, P., and Lavrencic, B., Splitting and 
coupling of lattice modes in the layer compound SnS, Journal of 
Physics C: Solid State Physics, 10(11), 289-292, 1977. DOI: 
https://doi.org/10.1088/0022-3719/10/11/003. 

[28] Julien, C., Mavi, H.S., Jain, K.P., Balkanski, M., Perez-Vicente, C., 
and Morales, J., Resonant Raman scattering studies of SnS2 crystals, 
Materials Science and Engineering B, (23), pp. 98-104, 1994. DOI: 
https://doi.org/10.1016/0921-5107(94)90341-7. 

[29] Chandrasekhar, H.R., Humphreys, R.G., Zwick, U., and Cardona, M., 
Infrared and Raman spectra of the IV-VI compounds SnS and SnSe, 
Physical Review B, 15, pp. 2177-2183, 1977. DOI: 
https://doi.org/10.1103/PhysRevB.15.2177. 

[30] Chakrabarti, D.J., and Laughlin, D.E., Cu-S Provisional The Cu-S 
(Copper-Sulfur) system equilibrium diagram, Bulletin of Alloy Phase 
Diagrams, 4, pp. 254-271, 1983. 

[31] Cheng, A.J., Manno, M., Khare, A., Leighton, C., Campbell, S.A., and 
Aydil, E.S., Imaging and phase identification of Cu2ZnSnS4 thin films 
using confocal Raman spectroscopy, Journal of Vacuum Science & 
Technology A, Surfaces, Film, 29, art. 051203, 2011. DOI: 
https://doi.org/10.1116/1.3625249. 

[32] Schorr, S., Weber, A., Honkimäki, V., and Schock, H.W., In-situ 
investigation of the kesterite formation from binary and ternary 
sulphides, Thin Solid Films, 517, pp. 2461-2464, 2009. DOI: 
https://doi.org/10.1016/j.tsf.2008.11.053. 

[33] Nilsen, W.G., Raman spectrum of cubic ZnS, Physical Review, 182, 
pp. 838-850, 1969. DOI: https://doi.org/10.1103/PhysRev.182.838. 

[34] Cheng, Y.C., Jin, C.Q., Gao, F., Wu, X.L., Zhong, W., Li, S.H., Chu, 
P.K., Raman scattering study of zinc blende and wurtzite ZnS, Journal 
of Applied Physics, 106(12), art. 123505, 2009. DOI: 
https://doi.org/10.1063/1.3270401. 

[35] Mokurala, K., Mallick, S., and Bhargava, P., Alternative quaternary 
chalcopyrite sulfides (Cu2FeSnS4 and Cu2CoSnS4) as electrocatalyst 
materials for counter electrodes in dye-sensitized solar cells, Journal of 
Power Sources, 305, pp. 134-143, 2016. DOI: 
https://doi.org/10.1016/j.jpowsour.2015.11.081. 

[36] Vanalakar, A.A., Patil, S.M., Patil, V.L., Vhanalkar, S.A., Patil, P.S., 
and Kim, J.H., Simplistic eco-friendly preparation of nanostructured 
Cu2FeSnS4 powder for solar photocatalytic degradation, Materials 
Science and Engineering B Solid-State Materials for Advanced 
Technology, 229, pp. 135-143, 2018. DOI: 
https://doi.org/10.1016/j.mseb.2017.12.034. 

[37] Li, L., Liu, X., Huang, J., Cao, M., Chen, S., Shen, Y., and Wang, L., 
Solution-based synthesis and characterization of Cu2FeSnS4 
nanocrystals, Materials Chemistry and Physics, 133, pp. 688-691, 
2012. DOI: https://doi.org/10.1016/j.matchemphys.2012.01.057. 

[38] Mokurala, K., Bhargava, P., and Mallick, S., Single step synthesis of 
chalcogenide nanoparticles Cu2ZnSnS4, Cu2FeSnS4 by thermal 
decomposition of metal precursors, Materials Chemistry and Physics, 
147, pp. 371-374, 2014. DOI: 
https://doi.org/10.1016/j.matchemphys.2014.06.049. 



Muñoz-Malpica et al / Revista DYNA, 90(225), pp. 147-155, January - March, 2023. 

155 

[39] Persson, C., Electronic and optical properties of Cu2ZnSnS4 and 
Cu2ZnSnSe4, Journal of Applied Physics, 107, art. 053710, 2010. 
DOI: https://doi.org/10.1063/1.3318468. 

[40] Tauc, J., Absorption edge and internal electric fields in amorphous 
semiconductors, Materials Research Bulletin, 5, pp. 721-729, 1970. 
DOI: https://doi.org/10.1016/0025-5408(70)90112-1. 

[41] Rondiya, S., Rokade, A., Jadhavar, A., Nair, S., Chaudhari, M., 
Kulkarni, R., Mayabadi, A., Funde, A., Pathan, H., Jadkar, S., Méndez-
López, A., Morales-Acevedo, A., Acosta-Silva, Y. J., and Ortega-
López, M., Effect of calcination temperature on the properties of CZTS 
absorber layer prepared by RF sputtering for solar cell applications, 
Journal of Nanomaterials, (2016), pp. 721-729, 2017. DOI: 
https://doi.org/10.1155/2016/7486094. 

[42] Méndez-López, A., Morales-Acevedo, A., Acosta-Silva, Y.J., Ortega-
López, M., Synthesis and characterization of colloidal CZTS 
nanocrystals by a Hot-Injection Method, Journal of Nanomaterials, 
(2016), pp. 1-8, 2016. DOI: https://doi.org/10.1155/2016/7486094. 

[43] Rey, G., Redinger, A., Sendler, J., Weiss, T.P., Thevenin, M., 
Guennou, M., El Adib, B., and Siebentritt, S., The band gap of 
Cu2ZnSnSe4: effect of order-disorder, Journal of Applied Physics 
Letters, 105, pp. 0-4, 2014. DOI: https://doi.org/10.1063/1.4896315. 

[44] Ritchie, C., Chesman, A.S.R., Jasieniak, J., Mulvaney, P., Aqueous 
Synthesis of Cu2ZnSnSe4 Nanocrystals, Chemistry of Materials, 31, 
pp. 2138-2150, 2019. DOI: 
https://doi.org/10.1021/acs.chemmater.9b00100. 

[45] Wadia, C., Alivisatos, A.P., and Kammen, D.M., Materials availability 
expands the opportunity for large-scale photovoltaics deployment, 
Journal of Environmental Science and Technology, 43, pp. 2072-2077, 
2009. DOI: https://doi.org/10.1021/es8019534. 

[46] Pu, Y., Dong, Z., Zhang, P., Wu, Y., Zhao, J., and Luo, Y., Dielectric, 
complex impedance and electrical conductivity studies of the 
multiferroic Sr2FeSi2O7-crystallized glass-ceramics, Journal of Alloys 
and Compounds, 672, pp. 64-71, 2016. DOI: 
https://doi.org/10.1016/j.jallcom.2016.02.137. 

[47] Ahmad, I., Akhtar, M.J., Khan, R.T.A., and Hasan, M.M., Change of 
Mott variable range to small polaronic hole hopping conduction 
mechanism and formation of Schottky barriers in Nd0.9Sr0.1FeO3, 
Journal of Applied Physics, 114, pp. 0-10, 2013. DOI: 
https://doi.org/10.1063/1.4813782. 

[48] Fatima, S.A., Khan, M.N., Shaheen, R., Shahzad, K., and Iqbal, M., 
Temperature dependent AC-Conduction and relaxation mechanism of 
spinel MgCo2O4 system by impedance spectroscopy, Physica B 
Condensed Matter, (600), art. 412581, 2021. DOI: 
https://doi.org/10.1016/j.physb.2020.412581. 

[49] Thakre, A., Kaswan, J., Shukla, A.K., and Kumar, A.n Unipolar 
resistive switching behavior in sol-gel synthesized FeSrTiO3 thin films, 
RSC Advances. 7 pp. 54111-54116, 2017. DOI: 
https://doi.org/10.1039/c7ra09836g. 

 

J.H. Muñoz-Malpica, recieved the BSc. in Chemistry from the Universidad 
Pedagógica y Tecnológica de Colombia, Tunja in 2021. From 2016 to 2021, 
during his undergraduate studies, he worked as a young researcher in 
Advanced Materials and Solid State Chemistry applying this expertise in 
state-of-the-art photovoltaic devices at the Instituto para la Investigación e 
Innovación en Ciencia y Tecnologia de Materiales - INCITEMA His 
research interest includes Condensed State Chemistry, Materials Chemistry, 
Synthesis of cutting-edge Materials, and Spectroscopic Analysis elucidating 
the Structural, Morphological and Optoelectronical properties in 
photovoltaic materials. 
ORCID: 0000-0002-0450-7605 
 
M.I. Espitia-Mayorga, recieved the BSc. in Chemistry from the 
Universidad Pedagógica y Tecnológica de Colombia, Tunja in 2016. During 
her undergraduate studies, she worked as a young researcher in the synthesis 
of advanced materials by soft chemical routes and the physicochemical 
characterization of solids at the Instituto para la Investigación e Innovación 
en Ciencia y Tecnologia de Materiales - INCITEMA. Her research interest 
includes materials synthesis and characterization techniques as XRD 
analysis. 
ORCID: 0009-0006-4775-3431 
 
M.A. Cerón Achicanoy, recieved the BSc. in Mathematics from the 
Universidad Pedagógica y Tecnológica de Colombia, Tunja in 2023. During 
her undergraduate studies, she worked as a young researcher in the 
mathematical modeling of spectroscopic responses using complex 
algorithmic methods at the Álgebra y Análisis Group. Her research interest 
includes the mathematical modeling and complex data analysis processes. 
ORCID: 0000-0003-2527-5628 
 
J.A. Gómez-Cuaspud, recieved the BSc. in Chemistry from the 
Universidad de Nariño, Pasto in 2003. Recieved the PhD. in Chemistry 
Sciences from the Universidad Nacional de Colombia, Bogotá DC. in 2010. 
From 2010 to 2012 worked as postdoctoral student in the Univesidade 
Federal do Rio de Janeiro – UFRJ, Brazil, in development of new materials 
for energy storage applications, and study of several characterization 
techniques for solid state in development of photovoltaic devices at the 
Instituto para la Investigación e Innovación en Ciencia y Tecnologia de 
Materiales - INCITEMA from 2013 to present. Recieved the BSc. in 
Mathematics in 2023, from the Universidad Pedagógica y Tecnológica de 
Colombia, Tunja. His research interest includes condensed state chemistry, 
materials chemistry and spectroscopic analysis elucidating the structural, 
morphological and optoelectronical properties in photovoltaic materials for 
electrochemical applications. In the field of mathematics, his research 
interest includes the mathematical modeling and complex data analysis. 
ORCID: 0000-0002-9645-516X 
 
E. Vera-López, recieved the BSc. in Physicist in 1990, from the 
Universidad Industrial de Santander, Bucaramanga. Recieved the MSc. in 
Physics in 1994, from the Universidad Industrial de Santander, 
Bucaramanga. Recieved the PhD. in Physics in 1998, from the Ruprecht-
Karls-Universität Heidelberg, Heidelberg, Germany. From 2001 to present 
he worked as full-time professor at the Instituto para la Investigación e 
Innovación en Ciencia y Tecnología de Materiales - INCITEMA from the 
Universidad Pedagógica y Tecnológica de Colombia. His research interest 
includes electrochemistry, materials engineering, coatings and films. He 
currently serves as rector of the Universidad Pedagógica y Tecnológica de 
Colombia. 
ORCID: 0000-0003-4150-9308

 


	1 Introduction
	2 Methodology
	2.1 Hydrothermal synthesis
	2.2 Materials characterization
	2.3 Construction of photovoltaic cell

	3 Results
	3.1 Structural analysis by X-ray diffraction
	3.2 Vibrational analysis by Raman spectroscopy
	3.3 Morphological analysis by transmission electron microscopy (TEM)

	Figure 4. TEM images and particle size distribution of the CFTS polycrystalline materials obtained at a, b. 12h, c, d. 24h and e, f. 48h using the IMAGE-J software.
	3.4 Optical properties measured by UV-Vis absorption spectroscopy
	3.5 Solid-state impedance spectroscopy
	3.6 Electrical performance of CFTS 48 photovoltaic cell

	4 Conclusions
	References

