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Abstract: Metal chalcogenides such as copper zinc tin sulfide (CZTS) have been intensively studied
as potential photovoltaic cell materials, but their viability have been marred by crystal defects and
low open circuit potential (V) deficit, which affected their energy conversion efficiency. Strategies
to improve on the properties of this material such as alloying with other elements have been ex-
plored and have yielded promising results. Here, we report the synthesis of CZTS and the partial
substitution of S with Te via anion hot injection synthesis method to form a solid solution of a novel
kesterite nanomaterial, namely, copper zinc tin sulfide telluride (CZTSTe). Particle-size analyzed via
small angle X-ray scattering spectroscopy (SAXS) confirmed that CZTS and CZTSTe materials are
nanostructured. Crystal planes values of 112, 200, 220 and 312 corresponding to the kesterite phase
with tetragonal modification were revealed by the X-ray diffraction (XRD) spectroscopic analysis
of CZTS and CZTSTe. The Raman spectroscopy confirmed the shifts at 281 cm~! and 347 cm~! for
CZTS, and 124 cm ™!, 149 cm ! and 318 cm ! for CZTSTe. High degradation rate and the production
of hot electrons are very detrimental to the lifespan of photovoltaic cell (PVC) devices, and thus it is
important to have PVC absorber layer materials that are thermally stable. Thermogravimetric analysis
(TGA) analysis indicated a 10% improvement in the thermal stability of CZTSTe compared to CZTS
at 650 °C. With improved electrical conductivity, low charge transfer resistance (Rct) and absorption
in the visible region with a low bandgap energy (Eg) of 1.54 eV, the novel CZTSTe nanomaterials
displayed favorable properties for photovoltaics application.

Keywords: band gap; chalcogenides; copper zinc tin sulfide (CZTS); copper zinc tin sulfide telluride
(CZTSTe); kesterite; small angle X-ray scattering (SAXS)

1. Introduction

The use of kesterite, which is a metal chalcogenide (copper zinc tin sulfide, CZTS), as in
the development of the absorber layer of a solar cell has been extensively explored [1,2]. The
material has progressively shown viability as a potential alternative for crystalline silicon
in thin-film solar cell applications [3,4]. Kesterite has the advantage of being composed
of naturally occurring abundant and non-toxic elements such as copper (Cu), zinc (Zn),
tin (Sn) and sulfur (S). It also has the advantage of being a direct bandgap material with
a band gap energy (Eg) value of 1.5 eV, which is optimal for semiconductor materials
for photovoltaic (PV) application [1]. Despite the interest in kesterites, its low power
conversion efficiency (PCE) value of 11.0% has hampered its full-scale industrial production
for solar cell application [5]. Much research effort has focused on finding ways to improve
on the properties of the material [6]. Among the ideas explored, is the substitution of
the constituent elements of the conventional kesterite material [7-9]. With regard to the
cation components, Cu, Zn and Sn have been either fully or partially substituted with
other elements [9]. This has led to improvement in the properties of the material for
photovoltaic application, but the 15% PCE needed for industrial-scale production is yet to
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be achieved [10]. The anion component of kesterite, sulfide, has also been substituted by
members of the chalcogen group (i.e. group 16) of the periodic table of elements. Selenium,
which has been used to completely replace S to form kesterite material composed of copper
zinc tin selenide (CZTSe), has recorded a PCE value of 11.8% [11-13]. Partial substitution
of S in kesterite material by Se, giving a solid solution of copper zinc tin sulfide selenide
(CZTSSe), has so far recorded the highest efficiency obtained for kesterite materials, with a
PCE value of 12.6% [14]. This higher efficiency obtained for the solid solution of CZTSSe
is related to the change in the Eg of the material which is brought about by the change
in the anion species [15]. The Eg of the solid solution has the advantage of matching the
energy corresponding to the maximum efficiency in the Shockley—Queisser plot for a single
absorber cell [15]. The tunability of the Eg of the material from 1.5 to 2.1 eV makes it
suitable for constituent-element substitutions [16,17]. This makes the material suitablefor
use as the uppermost component in tandem multijunction solar cell when substituted with
elements such as silver (Ag) and germanium (Ge) [18,19]. In reported studies, a trend
has been observed in the Eg values of the kesterite materials of chemical composition
CZTX (where X =S, Se or Te). The Eg trend is as follows: Eg(CZTS, 1.5 eV) > Eg(CZTSe,
1.03 eV) > E¢(CZTTe, 0.98 eV). This type of Eg trend has been observed in germanium-
substituted kesterite materials (CuyZnGeXy) for which Eg(CuyZnGeSy) > Eg(CupZnGeSey)
> Eg(CupZnGeTey) [20]. However, the inclusion of more than one chalcogenide in kesterites
to form solid solutions lowers the Eg value. For example, Eg(CZTS, 1.5 eV) > Eg(CZTSSe,
1.13 eV) [19].

Tellurium has been used specifically in the solar cell industry due to its metalloid
and semiconductor properties [21,22]; for example, cadmium telluride solar cell, which
is currently produced on a large scale [23,24]. This study explores the formation of a
novel solid solution composed of copper zinc tin sulfide telluride (CZTSTe), in which Te
is incorporated into the kesterite structure to improve the properties of the material for
possible photovoltaic cell application. The novel CZTSTe kesterite material was compared
with pristine CZTS to demonstrate how the inclusion of Te improved the properties of the
kesterite. A small amount of Te was used in comparison to S, taking into consideration the
earth abundance of the constituent elements (Cu, Zn, Sn and S) of CZTS kesterite material,
so as to minimize the cost of production and toxicity [1,25]. Various methods have been
used in the synthesis kesterite materials such as evaporation and sputtering of the elements.
The solution process has emerged as the most versatile method of synthesis, having
advantage for industrial-scaled production of solar cells on glass or polymer substrates [26].
The best efficiency (PCE value of 12.6%) reported for a kesterite solar cell was for CZTSSe,
which was produced via the solution process [19]. This process involved the use of metal-
hydrazine as metal precursor source, but it has the demerit of being harmful and difficult
to handle [27]. Other non-harmful solution processes have been reported in the synthesis
of kesterite materials, including hot injection method [28]. The hot injection method was
explored in this work for the synthesis of the kesterite nanoparticles.

2. Materials and Methods
2.1. Materials

All the reagents were of analytical grade and no further purification was performed. The
following reagents used were purchased from Sigma-Aldrich, Johannesburg, South Africa:
copper (II) chloride (anhydrous, powder, >99.995% trace metals basis), zinc chloride (anhy-
drous, powder, >99.995% trace metals basis), tin (II) chloride (anhydrous, powder, >99.99%
trace metals basis), isopropanol (American Chemical Society, ACS, reagent grade, >99.5%),
diethylene glycol (analytical grade), sodium borohydride (granular, 99.99% trace metals
basis), Te powder (powder, 75 maximum particle size (micron), purity 99.5%), and S powder
(powder, 99.98% trace metals basis).



Nanomaterials 2021, 11, 794

3o0f14

2.2. Synthesis

This work reports a modified hot-injection technique of Dong ef al. [29] for the synthe-
sis of nanostructured materials. All experiments were performed under inert condition. The
hot-injection method involved the preparation of two precursors which were later mixed.
A total of 1.68 mmol of copper (II) chloride, 1.1 mmoL of zinc chloride, and 1.0 mmoL tin
chloride were added to 120 mL of diethylene glycol (DEG) in a two-necked flask and was
refluxed at one of the necks, which performed two roles: (a) inlet for the inert gas and (b)
inlet and outlet for water throughout the experiment. The mixture was allowed to reach a
temperature of 80 °C. This mixture made up the first precursor (cation precursor). For the
second precursor (anion precursor), elemental S and Te powder with a total of 3.78 mmoL
were added to 10 mL of diethylene glycol and 7.36 mmol of sodium borohydride. The S:Te
molar ratio in the mixture was 3:1. The mixture was heated slowly above 60 °C to facilitate
the reduction process, which was confirmed by color change for both S and Te. When
the temperature of the cation precursor had reached 80 °C, the anion precursor solution
was gradually injected into reaction vessel containing the cation precursor under magnetic
stirring, leading to a color change from yellowish brown to deep black, indicating initial
and increased formation of the kesterite nanocrystals had occurred. The new mixture was
then allowed to heat up to 190 °C and allowed to stand for 30 min and was subsequently
naturally cooled to room temperature. After the cooling process, the nanoparticles were
precipitated by diluting with isopropanol followed by 10 min of centrifugation at 4500 rpm.
This process of washing and centrifuging was repeated twice, and the precipitates were
air-dried. The nanoparticles were dispersed in isopropanol and lithium perchlorate for
subsequent characterizations.

2.3. Instruments

Absorption studies in the wavelength region of 300-900 nm at room temperature were
observed via Varian Cary 300 Ultraviolet-Visible- Near-infrared (UV-Vis-NIR) Spectropho-
tometer (Agilent, Santa Clara, CA, USA). X-ray diffraction (XRD) analysis was performed
using a Philips PW 1830 X-ray diffractometer (Philips, Amsterdam, The Netherlands) with
Cu Ka radiation at wavelength of 1.5406 A. MATCH and DIAMOND softwares (Crystal
Impact, Bonn, Germany) were used in analyzing the XRD data, as well as the simulation of
the crystal structures of the synthesized nanoparticles. Simultaneous thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) analyses were performed with
a TGA 4000 Thermogravimetric Analyzer from Perkin-Elmer (Boston, MA, USA). The
TGA/DTA measurements were performed at a temperature range of 30-600 °C under
nitrogen gas atmosphere and a heating rate of 10 °C min~! with a sample size of 1 mg.
The structure of the synthesized materials was studied with a Spectrum II Perkin-Elmer
Fourier Transform Infrared (FTIR) Spectrometer (Perkin-Elmer, Boston, MA, USA) for
400-4500 cm~!. An Auriga field emission scanning electron microscope (FESEM) that
was fitted with an energy-dispersive X-ray spectrometer (EDS) (Carl Zeiss Microscopy
GmbH, Jena, Germany) and operated at an acceleration voltage of 200 kV, was used for
morphological and elemental and morphological analyses of samples. A Field Electron
and Ion Company (FEI) Tecnai G2 F20X-Twin MAT 200 kV Field Emission Transmission
Electron Microscope (Eindhoven, The Netherlands) with energy-dispersive X-ray spectrom-
etry (EDS) and selected area electron diffraction (SAED) capabilities, was used to perform
high-resolution transmission electron microscopy (HR-TEM) experiments. All the electro-
chemical data were obtained with PalmSens 4 (PalmSens BV, Houten, The Netherlands),
which was connected to a 0.071 cm? glassy carbon disk working electrode, platinum wire
(Pt) counter electrode and silver-silver chloride (3 M NaCl salt bridge type) reference elec-
trode in a 10 mL electrochemical cell. Electrochemical analysis of each of the nanoparticles
(CZTS or CZTSTe) was performed in 3 mL 0.1 M tetrabutylammonium phosphate-lithium
perchlorate (TBAP-LiClOy) electrolyte.
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3. Results and Discussion

The discussion of the experimental results of CZTS and CZTSTe nanomaterials are cat-
egorized into two. The first section (Section 3.1) involves the characterization studies used
to investigate the overall composition of the nanomaterials. The second section (Section 3.2)
deals with the comparison of the properties of CZTS and CZTSTe nanomaterials.

3.1. Characterisation Studies
3.1.1. Morphological Analysis

In the synthesis of nanoparticles, it is important to control the growth and disper-
sity [30]. Emphasis is laid on the shape of the nanomaterials, as it determines properties and
reactivity [30]. Scanning electron microscopy (SEM) was used to evaluate the size distribu-
tion and shape of CZTS and CZTSTe nanomaterials. The SEM micrographs in Figure 1a,b
which are for CZTS and CZTSTe, respectively, indicate morphological homogeneity of
the nanoparticles. Spherically shaped particle images can be seen for both nanomaterials
with uniform size distribution. Small-sized nanoparticles were formed by the two type of
nanomaterials, which formed clusters from the agglomeration of particles. The agglom-
erated nanoparticles gave a distinctive flower-like morphology. Previous reports have
accepted that the flower-like morphology is associated with good photocatalytic properties
in kesterite nanomaterials [29]. Electron-dispersive X-ray spectroscopy (EDS) analysis
gave the chemical composition of the nanomaterials of CZTS and CZTSTe as presented in
Figure 1c,d, respectively. Observable nickel peaks emanated from the use of nickel grid
as the sample holder. The difference in the S content of both nanomaterials was revealed
in the EDS spectra. There was an increased intensity in the S signal in CZTS compared
to CZTSTe, as shown in Figure 1c,d, respectively. This is because some of the atoms of S
are replaced by Te to form the CZTSTe. Moreover, the successful inclusion of Te into the
kesterite structure is evidenced by the presence of the Te peaks in the spectra of CZTSTe, as
can be seen in Figure 1d. The average atom content for both nanoparticles is summarized
as Cu1,922n1.08n0.88426 for CZTS and Cul‘glZl’l1.OSI‘IOV64(SO.84,TQO.47)4 for CZTSTe. These
chemical compositions were in close conformity to the general chemical composition of
CUZZHSHS4 for CZTS and CuZZnSn(SO.75,TeO,25)4 for CZTSTe [31]

Significant morphological data can be obtained by utilizing the small-angle X-ray
scattering (SAXS) technique [32,33]. SAXS measurement provides general spectra of the
sizes and shapes of the nanoparticles [33]. The SAXS spectra plotted in Figure 1le shows
solid sphere shape for CZTSTe nanoparticles and a core-hollow sphere shape for CZTS
nanoparticles. These underlying spherical shapes obtained for both nanomaterials agree
with the spherical shape obtained in SEM micrographs in Figure 1a,b. The spectra of CZT-
STe in Figure le revealed the presence of shoulders which is indicative of the agglomeration
of nanoparticles. The average size distribution of CZTS nanoparticles is 10 nm, while that
of CZTSTe is 36 nm (see Figure 1f). The increase in the size of CZTSTe can be attributed to
the inclusion of large Te atom in the kesterite material. The figure indicates that the CZTSTe
sample also contains particles of larger sizes (~80 nm), which can be attributed to agglom-
eration. Since CZTSTe particles are still nanostructured (<100 nm) in agglomerated and
non-agglomerated morphologies, CZTSTe is expected to exhibit excellent photophysical
properties [34]. Fourier transform infrared spectroscopy (FTIR) was used for the determi-
nation of bonding characteristics of the kesterite nanomaterials [32]. The vibrational bands
in Figure 2 were assigned as follows: v(O-H) 3753.93 em™1) [29], v(C-H) 2897.60 cm ! [29],
v(C-C) 1620.50 cm~! [29], v(C-O) 1107.04 cm~! [29,32] and v(S-S) 569.78 cm ! [35,36].
CZTSTe showed similar vibrational bands and they were assigned as v(O-H) 3434.03 cm ™!,
v(C-H) 2897.60 cm !, v(C-C) 1620.50 cm !, v(C-0) 1107.04 cm !, v(Te=0) 715.79 cm ! [36]
and v(S-S) 569.78 cm~!. The presence of S in both nanomaterials can be seen from the
vibrational band at 569.78 cm~!. The Te=O vibrational band at 715.79 cm ! in the spec-
trum of CZTSTe, confirms the successful integration of Te into the structure of the newly
synthesized nanomaterial. The vibration modes of the organic functional groups the spec-
tra are due to the remnants of the solvents (diethylene glycol and isopropanol) used for



Nanomaterials 2021, 11, 794 50f 14

synthesis [29]. The solvents are easily removed by annealing at high temperatures of about
400-500 °C during device fabrication.
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Figure 1. SEM micrograph of (a) copper zinc tin sulfide (CZTS) and (b) copper zinc tin sulfide
telluride (CZTSTe). Energy-dispersive X-ray spectrometer (EDS) spectra of (¢) CZTS and (d) CZTSTe.
Small-angle X-ray scattering (SAXS) spectra for (e) shape and (f) size plots {p(r) represents distance
distribution function}.
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Figure 2. FTIR spectrum of CZTS and CZTSTe nanomaterials.

3.1.2. Crystal Analysis

The most versatile technique employed for determining the crystal structure of mate-
rials is X-ray diffractometry (XRD). This spectroscopic method allows for the identification
of chemical compounds from their crystal structure. Figure 3a shows the XRD patterns
of the CZTS and CZTSTe nanomaterials. The patterns for CZTS displayed major peaks at
260 = 28.37°, 32.94°, 47.23° and 56.31°, which correspond to the crystal interplanar spacing
or crystal lattice spacing (d-spacing) values of 3.1346, 2.7091, 1.9230 and 1.6406 A, respec-
tively. The patterns for CZTSTe had major peaks at 26 = 28.26°, 32.84°, 47.19° and 56.08°,
with d-spacing values of 3.1330, 2.7072, 1.9225 and 1.6379 A, respectively. These peaks
were identified using Joint Committee on Powder Diffraction Standards (JCPDS) card
no. of 00-026-0575. These peaks corresponded to the 112, 200, 220 and 312 planes of the
kesterite phase, respectively, which has a tetragonal modification [37]. Conventionally,
CZTS can assume different crystal-phase modifications such as kesterite, stannite and
waurtzite [38,39]. The kesterite phase is the most suitable for the materials due to the high
stability of the phase. The crystal lattice parameters 4, b and c (i.e. the lengths of the 3 edges
of the crystal unit cell) and were «, B and 7y (the angles between the crystal unit cell edges)
were evaluated for the nanomaterials. The values obtained for CZTS were a = b = 5.43682 A
and ¢ = 10.8388 A, while CZTSTe had values of 2 = b = 5.44221 A and ¢ = 10.8578 A. The ,
B and vy values were 90° for CZTS and CZTSTe. These values of the lattice parameters are
in good agreement with values for the tetragonal kesterite phase for which a = b = 5.430 A
and ¢ = 10.8680 A [40]. The simulated CZTS and CZTSTe crystal structures are shown in
Figure 4. The simulated crystal structure of CZTSTe shows the average bonding of one Te
atom to two Cu atoms, one Zn atom and one Sn atom, which is the typical type of bonding
found in chalcogenides.

(a) (b)

»— CZTS Std] —ozTs
— " —4— CZTSTe
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= —4— CZTSTe o ‘fqﬂ're czZTs
L] - e
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Figure 3. (a) XRD and (b) Raman spectra of CZTS and CZTSTe nanomaterials.
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I

Figure 4. Simulated crystal structures of (a) CZTS and (b) CZTSTe (blue = Cu; green = Sn; pink = Zn;
red = Te; yellow =S).

XRD data can provides useful the information for estimating the crystal size of materi-
als. For this purpose, the Debye-Scherrer equation (Equation (1)), was used to calculate the
crystal size of the materials:

kA

- Bcosf

)

In Equation (1) D is the mean size of the crystal in A; k is a dimensionless shape factor
with value of ~ 0.9; A is the X-ray wavelength; B is the line broadening, i.e. the full width at
half maximum (FWHM) of the peak in radians; and 6 is the Bragg angle in radians. The
calculated crystallite size for the most prominent peak (112 planes) of both nanomaterials
was 106.6 A (~11 nm) for CZTS and 310.2 A (31 nm) for CZTSTe. Parameters used for
calculating the crystal size are summarized in Table 1 below. The particle sizes values
calculated from the XRD data are in good agreement with those obtained with SAXS.

Table 1. Crystal parameters.

Material k A (A) B (rad) 0 (rad) D A)
CZTS 0.89 1.54058 0.0130 0.2483 106.6
CZTSTe 0.89 1.54058 0.00442 0.2484 310.2

Earlier studies have shown that XRD is not enough to categorically establish the
presence of the desired kesterite phase, as its characteristic peaks appear at the same peak
position (the same 26 value) as binary, secondary and ternary phases, such as for CuS,
ZnS and Cu;,SnS; [10]. Raman spectroscopy was used to confirm the kesterite phase and
establish the absence of secondary phase formation in CZTSTe [29]. Figure 3b shows the
Raman spectra of CZTS and CZTSTe. The spectrum for CZTS has peaks at 212 cm ™!,
281 ecm !, 347 ecm ™! and 400 cm ™!, which are attributed to SnS, CZTS, CZTS, and ZnS,
respectively [29]. CZTSTe has peaks at 124 cm ™!, 149 cm !, 318 cm~! and 395 cm ™!, which
originated from CZTTe, CZTTe, CZTS and ZnS, respectively [41]. Although the Raman
spectra confirmed the presence of the kesterite phase in both nanomaterials, secondary
phases such as SnS and ZnS (in CZTS) and ZnS (in CZTSTe) were present. Notably, the
peaks for the kesterite phase were more prominent in the two nanomaterials.

Selected-area electron diffraction (SAED) is a useful technique for structural and
crystal defects analyses. Monocrystalline materials give rise to SAED micrographs that
have distinct spots and well-defined lattice fringes corresponding to specific planes [32].
The SAED micrographs of polycrystalline nanomaterials, on the other hand, display ring
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patterns consisting of discrete spots formed by crystals of different orientations (i.e. that
have different planes) [32]. High-resolution transmission electron microscopy (HRTEM)
micrographs and the SAED pattern of CZTS and CZTSTe are presented in Figure 5. Lattice
fringe analysis of the HRTEM images of CZTS and CZTSTe in Figure 5a and CZTSTe
Figure 5b, respectively, gave a d-spacing value of ~ 0.27 nm. This corresponds to the
200 plane of the kesterite phase, as was also shown in the XRD spectra. The SAED images
shown in Figure 5c¢ (for CZTS) and Figure 5d (for CZTSTe) display polycrystalline concentric
ring patterns that correspond to the 112, 200, 220 and 312 crystal planes, thereby validating
the XRD results presented in Figure 3a [29].

Figure 5. High-resolution transmission electron microscopy (HRTEM) micrographs showing lattice
fringes for (a) CZTS and (b) CZTSTe. The selected area electron diffraction (SAED) images for (c)
CZTS and (d) CZTSTe.

3.2. Comparative Studies
3.2.1. Stability Analysis

Figure 6 presents the thermogravimetric analysis (TGA) data of CZTS and CZTSTe for
the temperature range of 30-650 °C at a heating rate of 10 °C min~! in argon atmosphere.
The initial weight loss of about 9% for CZTS and 4% for CZTSTe at about 100 °C, is
attributed to the evaporation of water. Further 4% weight loss for CZTS and 5% for CZTSTe
at about 200 °C is due to the evaporation of isopropanol and diethylene glycol which
were synthesis solvents. Further heating to 400 °C resulted in a ~14% weight decrease for
CZTS and ~13% for CZTSTe due to the loss of superficial chalcogens. The loss of Sn by
the sublimation of SnS at temperatures above 400 °C, caused the weight to decrease by
9% and 8% for CZTS and CZTSTe, respectively. These finding are similar to the pattern
reported in previous studies [29]. The TGA spectra show that at 650 °C, CZTS and CZTSTe
exhibit 62% and 68% retention of their original weights, respectively. This indicates that
the replacement of some S atoms with Te improved the thermal stability of the kesterite
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material. This is because Te (MP = 449.51 °C, BP = 988 °C and x = 3 W/mK) is more
thermally stable than S (MP = 115.21 °C, BP = 444.72 °C and « = 0.205 W/mK) [42-44];
where MP, BP and x are melting point, boiling point and thermal conductivity, respectively.

100 -
] —e— CZTS

90 —A— CZTSTe
s
< 80
=
(o))
‘S 70
=
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50 Srrrrprrees T T T T L
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Figure 6. Thermogravimetric analysis (TGA) spectra of CZTS and CZTSTe nanoparticles.

3.2.2. Optical Analysis

Ultraviolet visible spectroscopy (UV-Vis) technique was used to study the absorption
properties of the nanoparticles. The spectra obtained are plotted in Figure 7a.
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Figure 7. (a) UV-Vis absorption spectra and (b) Tauc plots for CZTS and CZTSTe nanomaterials.

For direct band gap materials such as kesterites, the Tauc plot (i.e. (ahv)? vs. hv,
where hv is the photon energy and « is the absorption coefficient of the material, is used to
determine their bandgap (Eg) values. The Tauc plots for CZTA and CZTSTe are presented
in Figure 7b and the corresponding Eg values are 1.76 eV and 1.54 eV, respectively. The
incorporation of Te to kesterite nanomaterial narrowed the band gap towards the optimum
Eg value (1.5 eV) required for solar cell application. It has been reported that a high S content
in kesterite increases the Eg value, due to its insulating properties [43]. The low Eg value
obtained by the inclusion of Te in the kesterite, implies that it allows very good absorption
of the visible light as required for photovoltaic application [32]. Other workers have also
reported the reduction of Eg value by the addition of Te and other metal chalcogenides
into the kesterite structure [20,41-45]. This is because Te is a semiconductor and has
higher thermal conductivity than S [46]. Also, the reduction in the Eg value obtained
for CZTSTe nanomaterial, was due to quantum confinement effects which increases the
absorption wavelength [47,48]. Other reports [49-51] have shown that for polydispersed
nanomaterials, such as CZTS and CZTSTe (as shown in Figure 1e,f), the large nanoparticles
exhibit redshift absorptions while the small ones give blueshifts. CZTS formed 10 nm
particles and 90 nm clusters, while CZTSTe formed 36 nm particles and 80 nm clusters.
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The clusters induced a redshift absorption, as supported by the quantum confinement
theory of nanoparticulated materials [47], thus making them suitable for light-emitting,
photocatalytic and photovoltaic applications. The formation of clusters can also enhance
the conductivity of the nanomaterials as a result of percolation effect [52-54].

3.2.3. Electrochemical Analysis

Figure 8a shows the cyclic voltammograms (CVs) of CZTS, CZTSTe and the electrolyte
at scan rate of 10 mV s~!. The CVs of CZTS and CZTSTe portray one distinctive redox
couple, i.e. anodic (a;) and cathodic (c1) peaks, and an addition anodic peak (a) for
CZTSTe. The anodic peak potential (Ep,) values for CZTSTe are 0.97 V and 1.32 'V for a;
and a, respectively; while the cathodic peak potential (Epc) value is 0.79 V for ¢1. The E,
values of 0.97 V corresponds to the oxidation of copper [55,56] and that of 1.32 V (i.e. ap)
corresponds to the oxidation of Te?” to Te(IV) [57,58]. The Epc values of 0.79 V is attributed
to the reduction of copper. For CZTS Ep,; and Ep values are 0.96 V (for a;) and 0.82 V
(for c1), respectively, and refer to the oxidation and reduction of Cu. The value of the
anodic peak current/cathodic peak current, Ips(a1)/Ipc(c1), is ~1 for both materials, which
indicates a reversible fast electron transfer process for the Cu*/Cu?* electrochemistry.
However, the formal potential, EY = (Epa + Epc)/2, values for CZTS and CZTSTe are 0.89 V
and 0.88 V, respectively, and the currents density of CZTSTe is by a factor of 1.3 larger than
that of CZTS, showing an improvement in the rate of the charge transfer reaction, which is
possibly, due to the inclusion of Te in the kesterite [59,60].
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Figure 8. (a) Cyclic voltammograms obtained at 10 mV s~! and (b) square-wave voltammograms of
4 mM CZTS and 4 mM CZTSTe in 0.1 M lithium perchlorate in acetonitrile.

The square-wave voltammetry (SWV) was used to study the electrochemical stability
of the materials [61]. The results obtained for the nanomaterials are plotted in Figure 8b.
For CZTS, the peak potentials for the anodic and cathodic square waves are the same, and
their peak current values are the same, implying that the material is electrochemically
stable under the experimental conditions. However, for CZTSTe the values of the peak
potential and current are larger for the cathodic waves than for the anodic wave. This
increase in the peak values for the cathodic wave means that the reduction of Cu®* to Cu*
(as discussed for Figure 8a) is coupled to another process, namely the reduction of Te(IV)
to Te?™

The electrochemical impedance spectroscopy (EIS) data of CZTS and CZTSTe are
presented in Figure 9a as Nyquist plots. The Randle’s equivalent circuit (Figure 9a insert)
was used to fit the data. In the circuit diagram, Solution resistance (R; is solution resistance,
constant phase element is the CPE and R is charge transfer resistance. The values obtained
for the parameters as written in Table 2. The R values obtained for CZTSTe and CZTS
are 3.9 k) and 9.8 k(), respectively, implying greater conductivity properties of CZTSTe.
The Bode —phase angle (—0) and log (total impedance), log Z, plots of the EIS data are
contained in the Figure 9b. The Z value calculated for CZTS (16.6 kQ}) is significantly higher
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than that of CZTSTe (5.5 k(). The —0p,qx values of CZTS (67.5°) and CZTSTe (60°) confirm
that both materials are semiconductors [50,51]. However, the peak frequency (vpeqx) values
are CZTS (45.71 Hz) and CZTSTe (21.38 Hz). The lower vpeqi value for CZTSTe indicates
its greater propensity for interfacial faster charge transfer reaction compared to CZTS.

@| . (b)
I

Impgdance

s4—e— CZTS
j——cCzTSTe

~
o

o

%

o'...
o'..

Phase angle
[4)]

g

W
o

&
—Phase angle (deg)

—Imaginary Impedance (kQ)
log{lmpedance (Q)}
N N w w » » o (4] (2]

4 8 12 16 -1 0 1 2 3
Real Impedance (kQ) log{Frequency (Hz)}

4

Figure 9. Electrochemical impedance spectroscopy (EIS) data: (a) Nyquist and (b) Bode plots
for CZTS and CZTSTe nanomaterials. (0.1 M lithium perchlorate in acetonitrile was used as the
supporting electrolyte).

Table 2. EIS parameters of CZTS and CZTSTe nanomaterials.

Sample Rt (kQY) R (kOY) —Bpeax (©) Vpeak (Hz) Z (kQ)
CZTS 9.8 0.106 67.5 45.71 16.6
CZTSTe 39 0.107 60.0 21.38 5.5

The Ret, Vpeak and Z values obtained from both the Nyquist and the Bode analyses,
point to an improved electro-conductivity of CZTSTe compared to CZTS. A similar trend
was observed in the CV analysis of the materials, where the cathodic and anodic peak
current densities of CZTS were by a factor of 1.3 lower than those of CZTSTe, due to the
greater conductivity of the Te-containing material. Literature antecedents also, confirmed
that the conductivity of metal chalcogenide materials improved as elements down the
group 16 of the periodic table are incorporated in the material, with Te being the most
effective [45].

4. Conclusions

A novel CZTSTe nanostructed kesterite material was successfully synthesized through
the anion hot injection method, which is a non-toxic solid solution process. The size, shape
and structure of the material were confirmed with SAXS, SEM, TEM, Raman and XRD
spectroscopy experiments. The incorporation of Te in the CZTSTe nanomaterial improved
the band gap energy, electro-conductivity, rate of charge transfer reaction and thermal
stability; and brought about a redshift in its absorption characteristics. The improvement in
the photophysical properties implies that the novel kesterite material holds much promise
as an excellent material for solar cell application. The improved electrochemical impedance
spectroscopy characteristics of CZTSTe, as deduced from the values of its Bode-phase angle
and Bode-total impedance parameters, make it a very viable material for photovoltaic and
photocatalytic applications.
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