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ABSTRACT: Tin sulfide (SnS) has the potential to be used as a low-cost absorber material for applications in thin film photovoltaic

solar cells. In this study, polyvinylbutyral/SnS (PVB/SnS) composite fibers were synthesized through a relatively simple electrospinning

process. SnS mesoporous fibers were obtained from PVB/SnS composite fibers after sintering treatment at 5008C for 1 h in N2 atmos-

phere. The SnS mesoporous fibers were then characterized using X-ray powder diffraction, scanning electron microscopy, thermogra-

vimetric analysis, and transmission electron microscopy. The optical properties of SnS mesoporous fibers were also recorded by UV–

vis absorption spectroscopy. The results showed that the synthesized SnS mesoporous fibers exhibited a single phase, stoichiometric

composition, with good crystallinity, a size ranging from 100 to 200 nm, and a band gap of 1.49 eV. The as-prepared SnS mesopo-

rous fibers are thus a suitable material to achieve visible light absorption in a thin film solar cell. VC 2015 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2015, 132, 42388.
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INTRODUCTION

Tin sulfide (SnS) has attracted much attention, as compared to

other IV–VI groups with narrow band gap semiconductors such

as PbS, PbTe, and SnTe, because its constituent elements are

abundant in nature and do not pose any health or environmen-

tal hazards.1 SnS can be used in the fabrication of highly effi-

cient solar cells,2,3 while its non-toxic characteristic is of great

importance for the photovoltaic industry, as compared with

currently available CdTe and CuInSe2 materials. In the past few

years, several techniques have been employed for the prepara-

tion of SnS materials, such as spray pyrolytic deposition,4 two-

stage process,5 thermal evaporation method,6 chemical vapor

deposition method,7 electro-deposition method,8 and solvother-

mal method.9 However, to the best of our knowledge, there

have not been any reports on the synthesis SnS fibers. In addi-

tion, one-dimensional nanostructures, such as nanofibers, nano-

rods, and nanotubes, have been the focus of much research

interest due to their relatively large length to diameter ratios, as

seen in a number of natural organic/inorganic materials.10 On

the other hand, one-dimensional nanofibers prepared by the

electrospinning process are able to form a number of different

synthetic fibers that show good potential for practical applica-

tions.11–13 For example, polyvinylbutyral (PVB) can be used as

a mesopore template, with the advantages of being non-toxic,

odorless, and environmentally benign.14,15 This polymer is thus

widely used as a functional material in various fields, and is an

excellent organic component to be utilized in the synthesis of

organic/inorganic hybrid composites.

SnS is one of the tin chalcogenide layered semiconductors in

groups IV–VI. It has a direct energy bandgap of 1.3–1.5 eV,

close to the optimum value required for efficient light absorp-

tion and it has a high optical absorption coefficient for photons

with energies greater than 1.3 eV.16 Increasing the energy gap of

the absorber layer can reduce the dark current and increase the

open current voltage. But the high energy gap will reduce the

efficiency of light absorption and therefore the most appropriate

value Eg 51.3–1.5 eV. In this study, PVB/SnS composite fibers

are first synthesized through an electrospinning process. The

structure of the resulting SnS mesoporous fibers is then opti-

mized by a sintering treatment to obtain a band gap energy that

is suitable for light absorption in a thin film solar cell.

EXPERIMENTAL

Materials

The stannous chloride (SnCl2�2H2O) used in this work was

obtained from Merck KGaA (Darmstadt, Germany). Thiourea
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(CH4N2S) was purchased from Alfa Aesar (Ward Hill, MA,

USA), while PVB (average Mv �40 kDa) was obtained from

Chang Chun Group Company (Kaohsiung, Taiwan). Ethanol

(99%) was purchased from PA Panreac (Barcelona, Spain), and

the deionized water (DI water) used in this work was obtained

from EMD Millipore Corporation, and produced using the

Direct-Q 3 system (Billerica, MA).

Preparation of the Electrospinning Solution and SnS Fibers

In a typical synthesis, 1 mmol of SnCl2�2H2O, 2 mmol of

CH4N2S, and 6–10 wt % PVB were dissolved in 10 mL ethanol

under magnetic stirring at room temperature for 2 h to obtain

a homogenous precursor of PVB/SnS composites. A schematic

setup of the electrospinning route used in this study is shown

in Figure 1. The electrospinning setup consisted of a syringe

and needle (with an internal diameter of 0.21 mm), a syringe

pump (KD Scientific Inc., Model 200, Holliston, MA), a high

positive voltage power supply (You-Shang Technical Corp.,

Kaohsiung, Taiwan), and a collection board. A stainless steel

electrode was connected to a high voltage power supply, which

could provide a DC voltage of up to 30 kV. Homogeneous

PVB/SnS composite precursor solutions were prepared and

immediately used for electrospinning. The as-prepared PVB/SnS

composite fibers thus obtained were then transferred to a com-

bustion boat, and calcined at 300–5008C for 1 h in N2

atmosphere.

Characterization of PVB/SnS Composite Fibers

The X-ray powder diffraction (XRD, operating at 8 kV) patterns

of the as-prepared samples were recorded on a Shimadzu XRD-

6000 X-ray diffractmeter (Kyoto, Japan) with Cu Ka radiation

(k 5 0.15418 nm). The morphologies and micro-/nanostructures

were investigated with a HITACHI 4200A (Tokyo, Japan) scan-

ning electron microscope (SEM, operating at 10 kV) and JEOL

JEM-2000EX (Tokyo, Japan) transmission electron microscope

(TEM, operating at 160 kV). The energy dispersive spectrometer

(EDS) measurements were performed using a Horiba EX220

(Kyoto, Japan), which was attached to TEM for compositional

analyses. Thermal analysis was carried out with a Perkin Elmer

Pyris Diamond TG/DTA thermal analyzer (Boston, MA) in N2

atmosphere at a heating rate of 208C/min. UV–vis absorption

spectra were recorded on a Hitachi U-3010 spectrophotometer

(Tokyo, Japan).

RESULTS AND DISCUSSION

Morphologies of the Electrospun PVB/SnS Composite Fibers

Figure 2 shows SEM images of PVB/SnS composite fibers with

different PVB concentrations of (a) 6, (b) 7, (c) 8, (d) 9, and

(e) 10%. Figure 2(a) shows that a few beaded structures

appeared for the low concentration PVB, while the conductivity

of the composite fibers increased and the viscosity decreased.

The results indicate that increasing the PVB concentration can

reduce beaded fibers. The high conductivity of the solvent is

helpful to ion diffusion, and reduces the resistance. However,

the high viscosity of the solvent may make it more difficult

for the ions to diffuse, and thus reduce conductivity.17 In

Figure 2(b–e), as the concentration of PVB increased, bead-on-

string structures could be observed with a reduced density of

Figure 1. Schematic diagram of the applied electrospinning device.

Figure 2. SEM images (scale bar 5 5 lm) of PVB/SnS composite fibers with different PVB concentrations: (a) 6, (b) 7, (c) 8, (d) 9, (e) 10%, and (f)

pure PVB fiber.
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beads. In Figure 2(c), for a PVB concentration of 8%, PVB/SnS

composite fibers with smooth surfaces were obtained. As the

PVB concentration increased, so the quantity of smooth fibers

also rose. However, as shown in Figure 2(e), when the concen-

tration of PVB was increased to 10%, the diameter of the fibers

increases slightly and their thickness is uneven.18,19 Figure 2(f)

shows an SEM image of pure PVB fibers with relatively smooth

surfaces and large diameters. The high conductivity of the sol-

vent is helpful to ion diffusion, and reduces the resistance. The

pure PVB precursor solution has no additional ion to increase

the conductivity, the pure PVB fibers have large diameters than

other PVB/SnS composite fibers.

In Figure 3(a–d) four parameters that might influence the

diameter of the electrospun PVB/SnS composite fibers were

studied. In Figure 3(a), as the applied voltage was gradually

increased from 6 to 14 kV, the diameters of the PVB/SnS com-

posite fibers also rose. It is likely that the diameters of the fibers

obtained a narrow distribution due to the balance among the

Coulombic, viscoelastic, and surface tension forces. Further

increases in the applied voltage would augment the Coulombic

force in the electrospun PVB/SnS composite fibers, but reduce

the viscoelastic force. This might result in an increased possibil-

ity of the breakage of an over-stretched and charged jet during

its flight to the target.19–22 In this work, the most suitable

applied voltage for preparing PVB/SnS composite fibers was

8 kV.

In Figure 3(b), the working distance between the needle tip and

the collection board was measured, which is correlated with the

electric field in the electrospinning process. The results show

that as the working distance was increased, the electric field was

reduced and the diameter of PVB/SnS composite fibers became

finer.23 Note that if the working distance is significantly reduced

or extended (e.g., by 10 cm), no fibers can be formed, and for

the latter this is because the force of gravity is greater than the

attraction of the electric field. As a consequence, the most suita-

ble working distance for the preparation of PVB/SnS composite

fibers was 5 cm.

Figure 3(c) shows that as the viscosity of the electrospun PVB/

SnS composite solution was increased, the quantity of beaded

fibers was simultaneously reduced, while the diameter of PVB/

SnS composite fibers became fine and uniform.24–27 Note that if

Figure 3. Diameters of PVB/SnS composite fibers for various (a) applied voltages, (b) working distances, (c) viscosities, and (d) flow rates.
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the viscosity is significantly increased, beaded fibers with a

rough surface start to be produced.18,19,28 Under these circum-

stances, the most suitable viscosity for preparing PVB/SnS com-

posite fibers was about 59.2 cp.

Figure 3(d) shows that as the flow rate of the electrospun PVB/

SnS composite solution was increased, the diameter of the PVB/

SnS composite fibers also grew.19,27,29 When the flow rate was

higher than 2 mL/h, beaded fibers started to form. As a result,

the most suitable flow rate for preparing PVB/SnS composite

fibers was 0.5 mL/h.

Thermal Behavior and Structure of PVB/SnS Fibers Produced

by Electrospinning

The electrospun PVB/SnS composite solution was then sub-

jected to a sintering process in order to remove PVB and obtain

pure SnS fibers. Before the sintering treatment, thermal analysis

of the electrospun PVB/SnS composite fibers was performed.

Figure 4(a) shows the TGA curves of the PVB/SnS composite

fibers and pure PVB fibers. Pure PVB fibers can be evaporated

at about 4008C, whereas the weight loss from the PVB/SnS

composite fibers started from about 2008C and reached 74.5%

at about 7008C. The weight loss from room temperature to

2008C can be attributed to the condensation reaction of SnS

precursor to remove OH and the weight loss from 200 to 4008C

due to the impurities removal, while that between 400 and

5008C can be attributed to the loss of the oxidation of sulfides30

and thermal decomposition of the PVB chains. At the later stage

from 500 to 7008C, the evaporation of excess S occurs.31 Above

7008C (up to 8008C in this study), it is most likely that the

crystalline structure of the SnS fibers is altered.

Figure 4(b) shows the XRD diffraction patterns of the PVB/SnS

composite fibers sintered at 300, 400, and 5008C for 1 h in N2

atmosphere. The results indicate that the SnS structure

remained after the sintering treatment, whereas XRD diffraction

pattern (based on JCPDS 39–0354) became clearer and the crys-

tallite sizes increased as the sintering temperature reached

5008C. Note that the diffraction pattern for polycrystalline SnS

fibers corresponds to the crystallographic planes of (110), (120),

(021), (101), (111), (131), (141), (002), (211), (112), (122),

(042), (251), and (080). The average crystal domain size of the

as-synthesized SnS fibers, calculated by Scherrer’s equation

(D 5 Kk/(B.cosh); K 5 0.89, k 5 0.15418 nm, B 5 FWHM,

h 5 diffraction angle) and based on the (111) peak, was about

16 nm.

Figure 4(c) shows the SEM image of PVB/SnS composite fibers

with the addition of 8% PVB, followed by sintering at 5008C

for 1 h in N2 atmosphere. The as-synthesized SnS fibers are

smooth, but fragile. It is very likely that due to the removal of

PVB from the SnS matrix, pure SnS fibers became mesoporous

and significantly reduced the continuity or unity of the bulk

fibers. Note that a mesoporous material contains pores with

diameters between 2 and 50 nm.32

Characterization of SnS Mesoporous Fibers

Figure 5 shows TEM micrographs of the as-prepared SnS meso-

porous fibers (i.e., electrospun at 8 kV). Figure 5(a,b) show that

the SnS mesoporous fibers after calcination at 5008C for 1 h

were composed of multilayered particles, with signs of polyhe-

drons being closely packed and located within the fibers.

Figure 5(c) shows an HR-TEM image of a SnS mesoporous

fiber, in which it can be seen that the spacing of the crystal lat-

tice was about 0.28 nm, which is mostly consistent with the

Figure 4. (a) Thermogravimetric analysis (TGA) curves of PVB/SnS com-

posite fibers and pure PVB fibers, (b) XRD pattern of PVB/SnS composite

fibers after sintering at 300, 400, and 5008C for 1 h, and (c) SEM image

of PVB/SnS composite fibers, e.g., after sintering at 5008C for 1 h. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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crystal lattice plane of SnS (111). In Figure 5(d), the SAED

image of a SnS mesoporous fiber confirms the presence of the

(101) and (111) planes, and indicates that it is a multi-

crystalline structure. As determined by EDS, the average compo-

sition ratio of the SnS mesoporous fibers, prepared by an elec-

trospinning route, is estimated to be Sn : S 5 1.16 : 1, which is

close to the perfect element ratio for the stoichiometric SnS

structure.

Figure 6 shows the UV–vis spectrum for the as-synthesized

orthorhombic SnS mesoporous fibers. The absorbance onset

was determined by plotting (ahm)2 versus hm (a: absorbance, h:

Planck’s constant, and m: frequency). The optical absorbance

spectra were then obtained for SnS mesoporous fibers dispersed

in ethanol with the energy gap of about 1.49 eV. The as-

prepared SnS mesoporous fibers with an appropriate energy gap

are thus a supporting matrix with a very high surface area that

can increase the amount of internal reflections, and hence

increase the probability of light absorption, making it suitable

for use in a thin film solar cell. In addition, the absorption

energy is placed in the visible light region, which also shows

Figure 5. (a) and (b) TEM, (c) HR-TEM, and (d) SAED micrographs of SnS mesoporous fibers after calcination at 5008C for 1 h. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Dependence of (ahm)2 on photon energy (eV) in the case of as-

synthesized SnS mesoporous fibers. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4238842388 (5 of 6)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


good potential for use in thin film solar cells, with high effi-

ciency under visible light absorption.

CONCLUSION

The optimized parameters to synthesize PVB/SnS composite fibers

were set as an applied voltage of 8 kV and a working distance of

5 cm, with the viscosity of 59.2 cp (8 wt % PVB) and flow rate of

0.5 ml/h. The SnS mesoporous fibers without PVB were thereafter

fabricated via an electrospinning route, followed by sintering at

5008C for 1 h. The as-prepared SnS mesoporous fibers exhibited

an orthorhombic structure with good crystallinity. Their optical

absorption showed the presence of direct transition with a band

gap energy of 1.49 eV, which means that it is suitable for use as a

solar energy light absorption material. The SnS mesoporous fibers

with an appropriate energy gap also provide a supporting matrix

with a very high surface area to increase internal reflections. In

addition, their absorption energy is in the visible light region,

which also shows good potential for use in thin film solar cells,

with high efficiency under visible light absorption.
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