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Abstract: This study reports, for the first time, the fabrication of electrospun CusZnSnS4 (CZTS) nanofibers using
metal acetate precursors. Viscous poly(vinyl pyrrolidone) (PVP) solution containing acetate or chloride salts of copper,
zinc, and tin was electrospun onto a conductive substrate. The PVP nanofibers that have a mixture of metal salts were
annealed at elevated temperatures. After calcination, these nanofibers were treated with the sulfur source and then
annealed again in order to generate CZTS nanofibers. The CZTS nanofibers generated from acetate and chloride salts
were characterized and compared. Belt-like and wire-like nanofibers were obtained when using metal acetate and chloride

precursors, respectively.
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1. Introduction

Chalcogenide-based solar cells have received great attention due to their low cost and high efficiency in compar-
ison with the commercial photovoltaic (PV) technologies.! In particular, indium-free quaternary chalcogenides
(CugZnSnS,4 (CZTS), CusyZnSnSe, (CZTSe)) are promising materials for their potential applications in solar
cells due to their high absorption efficiency, direct band gap around 1.0-1.5 eV, and low toxicity.? CZTS or
CZTSe materials have two basic crystal structures known as stannite and kesterite types.? These structures are
similar, but have different arrangements of Cu and Zn atoms. Kesterite phase is mostly dominant because of its
better stability to the stannite ones.* CZTS, a p-type semiconductor, has been generally used in p-n junction
solar cells as an n-type semiconductor like CdS.5~8 CZTS films have also been used as counter electrode in
dye sensitized solar cells.? There have been many reports on solution-based synthesis of kesterite and stannite
CZTS materials including nanocrystals, nanowires, and nanosheets.'® However, the complicated procedures
and the production of extra toxic byproducts are often the main obstacles in these solution-based syntheses.
On the other hand, a simple and popular method, electrospinning, could be applied to fabricate CZTS fibers
with a greater advantage of large-scale production capability.

Nanofibers have been used in many applications such as membranes, filtration, protective masks, drug
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delivery, biosensing, pharmaceuticals, and tissue engineering due to their light weight, possession of large surface
areas, various functionality, and high mechanical strength.!!=!4 To fabricate nanofibers, electrospinning is the
most common and easy technique to prepare. The chemical composition of the fibers and the fiber diameter can
easily be controlled depending on the operating parameters, chemical composition, and physical properties of the
solution. =21 Over the last decade, the synthesis of ceramic nanofibers and nanowires using electrospinning
has been widely used. In these syntheses, electrospinnable polymers such as polyvinyl pyrrolidone (PVP),
polyvinyl alcohol (PVA), and cellulose acetate were used as a sacrificial nanofiber template. Upon calcination of
a polymeric nanofiber containing metal precursors, the decompositions of these precursors generate the metallic
nanostructures without changing nanofiber form. We had previously fabricated TiOy and ZrOs nanofiber
membranes after calcinations of sacrificial PVP nanofibers containing titanium and zirconium salts.'? This
technique was applied to fabricate a variety of metal nanofibers. There have been a very limited number of
reports on the fabrication of CZTS nanofibers to date.?2725 In these CZTS nanofibers, only chloride salts have
been used.

In the present study, we fabricated, for the first time, electrospun CZTS nanofibers through using a
metal precursor that has acetate salts. PVP solution containing copper, zinc, and tin salts was used for
electrospinning onto the conductive substrate. The PVP nanofibers that have a mixture of metal salts were
annealed at various conditions. In addition to wire structure, belt-like structures were observed depending on

the reaction conditions. The metal nanofibers generated from acetate and chloride salts were also compared.

2. Results and discussion
We fabricated CuyZnSnS, (CZTS) nanofibers using a modified protocol that was mainly electrospinning a
polymer solution containing sol-gel precursors.'? We first electrospun the polymer-metal salt mixture onto a
simple aluminum foil, grounded electrode, and then calcinated it in the presence of sulfur source to produce
the metallic CZTS nanofibers. Figure 1 shows the SEM micrographs of CuyZnSnS4 (CZTS) fibers during each
fabrication step. The optimum parameters for the best fiber morphology were obtained when acetate salts were
used as precursors with a molar ratio of 4:4:2 for Cu, Zn, and Sn, respectively. As is clear from Figure 1, the
structure of fibers strongly depends on the electrospinning parameters. Figures la and 1b show a nonwoven
mat, PVP nanofibers, which have metal acetate salts. Using acetate salts of metals as the precursors, belt-like
structures were obtained as shown in Figures la and 1b. Before thermal annealing, belt-like surfaces were
observed to be almost smooth. This was an expected observation, because fibers were not crystalline yet and
still contained PVP (Figures la and 1b). After annealing at 500 °C for 1 h, the composite nanobelts were
converted into crystalline nanofibers. As shown in Figures 1c and 1d, the crystalline fibers had a diameter of
roughly 250-300 nm with irregular rough surfaces having small beads. The beads were most probably formed
due to aggregation of metal salts on contact points. Figures le and 1f show a second thermal annealing of metal
nanofibers with dodecanethiol in order to produce CZTS nanofibers. The belt-shaped CZTS nanofibers remain
irregular wires after the second annealing.

Figure 2 shows SEM images of CZTS fibers fabricated with a mixture of PVP and chloride metal salts.
It is clear from Figure 2 that, compared to the CZTS nanofibers generated from metal acetate salts, the
morphology of the nanofibers was converted to wire-like nanofibers by using metal chloride salts. Figures 2a
and 2b show the PVP nanofibers that have metal salts before annealing. Wire-like fibers with a very smooth
surface morphology are clearly observed. Thermal annealing at elevated temperature leads to the removal of

PVP and crystallization of CZTS structures (Figures 2c and 2d). During crystallization, the smooth surface
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Figure 1. SEM images of CZTS fibers that use acetate precursors. PVP fibers that contain metal acetate salts (a, b),

after annealing without dodecanethiol (¢, d), and then after second annealing with dodecanethiol (e, ).

after annealing without dodecanethiol (¢, d), and then after second annealing with dodecanethiol (e, ).
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morphology of nanofibers was converted to rough and wire-like nanofibers with smaller sizes. The average size
of the CZTS nanofibers decreased from 400 nm to 150 nm after thermal annealing. Alkyl thiols, the sulfur
source, were drop cast onto these nanofibers and then annealed at elevated temperature for the second time in
order to fabricate CZTS nanofibers as shown in Figures 2e and 2f. It can be noted that the CZTS nanofiber
morphology remains in similar fiber morphology as in Figures 2c and 2d. As a result, when the metal chloride
salts were used as the metal precursors, a better fiber morphology and uniformity were obtained as compared
to acetate ones.

Figure 3 shows typical transmission electron microscopy (TEM) images of CZTS nanofibers. The
nanofibers obtained by using metal acetate precursors are shown in Figure 3a. Belt-like fibers with irregular-
shape beads on the sides are clearly seen. On the other hand, in Figure 3b, the CZTS nanofibers generated by
using metal chloride precursors have a wire-like morphology with irregular surfaces. In conclusion, both metal

precursors end up as kesterite CZTS nanofibers but they have different morphologies (belt-like and wire-like).

(a)

=200 nm

Figure 3. TEM images of CZTS fibers fabricated with acetate precursors (a) and with chloride precursors (b).

The absorption spectra of crystalline fibers are shown in Figure 4a. The band gap of the CZTS fibers is
estimated to be 1.5 eV, which is in agreement with previous reports.'®'® No structural or regional bands are
observed, but a broad band with a long tail covers all the visible region.

Figure 4b shows X-ray diffraction (XRD) patterns of the nanofibers before and after the annealing process.
The fabricated nanofibers obtained from both chloride and acetate precursors give very similar XRD patterns.
As is clear from Figure 4b, the fibers before the annealing process show an amorphous phase while crystallization
occurs after annealing. The peak shapes and diffraction angles confirm that the fabricated CZTS fibers show
the kesterite crystal structure. Characteristic peaks corresponding to the planes of (112), (200), (220), (312),
(008), (332) are clearly seen. All these diffraction planes are also in good agreement with JCPDS 26-0575. EDX
results (not shown) also confirm that the structure consists of copper, zinc, tin, and sulfur in a ratio of 12:8:9:4,

respectively.

3. Experimental

3.1. Materials

Copper (IT) chloride dihydrate (CuCls.2H5 O), zinc chloride (ZnCls), tin(IT) chloride dihydrate (SnCly.2H50),
and copper(II) acetate monohydrate (CH3 COO) 2 Cu.H3 O were obtained from Merck (Germany); 1-Dodechanethiol
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(98%) and tin(II) acetate (Sn(OOCCH3)s) were obtained from ABCR and Alfa Aesar, respectively. Zinc ac-
etate dihydrate (C4HgO4Zn.2H,0) and poly(vinyl pyrrolidone) (PVP, Mw = 1.3 x 10%) were provided by

Sigma-Aldrich. All chemicals were used as received. Deionized water was used as a solvent.
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Figure 4. UV-Vis-NIR absorption spectrum of CZTS nanofibers (a), XRD pattern of CZTS fibers (b).

3.2. Instrumentation

Electrospinning was done using a Spellman SL30 brand DC power supply. A KD Scientific brand syringe pump
was used. The XRD pattern of colloidal nanoparticles was recorded with a Bruker Advance D8 XRD (Cu «
source with 1.5406 wavelength), in powder mode. A Zeiss Evo model scanning electron microscope (SEM)
and JEOL JEM-2100F 200kV model transmission electron microscope were used to obtain SEM- EDX and
TEM images, respectively. The optical properties of the as-prepared CZTS fibers were characterized by UV-Vis
absorption spectroscopy (UV-Vis) recorded on a Biochrom Libra S22 UV-Vis spectrometer.

3.3. Fabrication of CZTS fibers through using acetate precursors

Fabrication of the CZTS fibers was typically achieved by electrospinning a solution containing 4 mmol (0.342
g) copper acetate, 2 mmol (0.136 g) of zinc acetate, 2 mmol (0.226 g) of tin(II) acetate, and 4 mL of deionized
water. The mixture was mixed and stirred by homogenizer for 20 min. Then 0.5 g of PVP (Mw = 1.3 x 109)
was added to the aqueous solution and the final mixture was stirred for 3 h. The solution was passed through
a syringe with a 22 gauge stainless steel needle at the tip. The needle was electrified using a high-voltage
DC supply (Spellman SL30) with an applied voltage of 20 kV. The solution was pumped continuously using
a syringe pump (KD Scientific) at a rate of 2 mL/h. Fibers were collected on aluminum foil placed at a 15
cm vertical distance to the needle tip. Fibers were accumulated onto a grounded collector (typically, a piece
of aluminum foil) and left overnight in air. The fibers were peeled off from the aluminum foil and placed in a
crucible. The crucible was placed into a preheated oven at 500 °C for 3 h. The calcinated CZTS nanofibers
were characterized using SEM, XRD, and UV-Vis. To generate the crystal CZTS fibers, dodecanethiol solution
(2 mL) was added dropwise onto the CZT-PVP fibers and then the fibers were calcinated again in the oven at
500 °C for 3 h. Then the CZTS fibers were left to cool down at room temperature and characterized by using
SEM, TEM, UV-Vis, and XRD.
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3.4. Fabrication of CZTS fibers using chloride precursors

The procedure in which CZTS fibers were fabricated using acetate precursors was applied for the fabrication of
CZTS fibers using chloride precursors. In this process, chloride salts were used instead of acetate ones. Mole

ratios were kept constant.

4. Conclusion

We successfully demonstrated the fabrication of kesterite CZTS crystalline fibers using metal acetate and chloride
precursors. The structure and morphology of the nanofibers strongly depend on the solution components. PVP
solution that has copper, zinc, and tin salts was electrospun onto the conductive substrate and then annealed
at elevated temperature. After introduction of dodecanethiol (sulfur source), the fibers were annealed again in
order to fabricate CZTS nanofibers. The CZTS nanofibers were characterized using UV-Vis, SEM, TEM, and
XRD. If metal acetate salts had been used, belt-like nanofibers would have been obtained. On the other hand,
the wire-like nanofibers were observed when metal chloride salts were used. We think that these CusZnSnS,
nanofibers are promising materials for photovoltaic and solar cell technology.
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