
Vol.:(0123456789)1 3

Applied Physics A (2020) 126:115 
https://doi.org/10.1007/s00339-020-3283-4

S.I. : CURRENT STATE-OF-THE-ART IN LASER ABLATION

Study of optical and dielectric constants of hybrid SnO2 electrospun 
nanostructures

Wiktor Matysiak1 · Tomasz Tański1 · Weronika Smok1

Received: 18 October 2019 / Accepted: 2 January 2020 / Published online: 21 January 2020 
© The Author(s) 2020

Abstract
The aim of this paper was to prepare SnO2 nanowires using electrospinning and calcination processes from a 
poly(vinylpyrrolidone), dimethylformamide, ethanol and tin(IV) chloride pentahydrate solution. The composite PVP/SnCl4 
nanofibers obtained via electrospinning method were dried and calcined in a vacuum to remove the polymer matrix at a 
temperature of 500 °C for 10 h. Three types of nanowires with a polymer to precursor ratios of 2:1, 1:1, 1:3 were produced. 
The morphology and chemical composition of as-spun PVP/SnCl4 nanofibers and SnO2 nanowires obtained after heat treat-
ment were carried out using a scanning electron microscope (SEM) with an energy-dispersive spectrometer (EDX). The 
Fourier-transform infrared spectroscopy (FTIR) spectra of the prepared nanomaterials were also investigated. To determine 
the topography of PVP/SnCl4 nanofibrous mats, an atomic force microscope (AFM) was used. A 100-fold measurement of 
the nanowire size showed that, depending on the amount of precursor in the spinning solution, nanowires with diameters 
ranging from 20 to 260 nm were obtained. The optical property analysis was performed on the basis of absorbance spectra 
recorded over UV–Vis spectral range. The complex refractive index n and complex dielectric permeability ε of obtained 
tin oxide nanowires were determined as a function of the radiation energy. Depending on the precursor content in spin-
ning solution, the one-dimensional SnO2 nanostructures were characterised by a refractive index in the range of 1.51–1.56, 
whereas the dielectric constant ranged from 2.26 to 2.30. The optical properties and the structure of one-dimensional SnO2 
nanomaterials allow to use this type of materials in the construction of novel type photovoltaic cells and electronic devices.
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1  Introduction

In recent decades, quasi-one-dimensional (1D) nanostruc-
tures, which include nanowires, nanotubes and nanofibers 
have aroused great interest of scientists due to their diverse 
application possibilities fibre [1–9]. This is due to the fact 
that, compared to the micrometre equivalents, many nano-
structured materials are characterised by unique mechanical, 
optical, electrical and magnetic properties. These advantages 
are the result of their low dimensionality and quantum con-
finement effect, which is most often observed in semicon-
ductor nanomaterials [10, 11].

Many literature reports suggest that, in addition to popu-
lar semiconductor oxides such as ZnO and TiO2, also SnO2 
has favourable optical properties [12–14]. Tin oxide nano-
materials are very interesting for the industry due to their 
large surface-to-volume ratio, n-type semiconductor nature, 
high optical transmission in the visible range, energy band 
gap in the range of 3.0–4.0 eV. Thus, SnO2 has a strong 
transmission in the visible range (0.4 ± 0.8 mm) and a high 
absorption coefficient in the UV range (104 ± 105 cm−1), the 
refractive index for thin layers in the range of 1.25–2.3, vari-
able resistivity in a gaseous environment and good mechani-
cal, chemical and thermal stability [15–18].

The various forms of SnO2-based nanostructures are con-
tinuously investigated for their optical and electrical proper-
ties [19–23]. In 2007, an international research team from 
Turkey and Israel examined the optical properties of thin 
SnO2 films produced by the filtered vacuum arc deposition 
(FVAD) method [24]. During the deposition, the tempera-
ture of the substrates was kept at room temperature (RT) 
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or at 400 °C (hot substrates). The refractive index n of the 
SnO2 films deposited on RT were 1.87, 1.99 and 1.93 and 
hot substrates were 1.97, 1.87 and 1.96 for samples prepared 
at 0.53, 0.67, 0.8 Pa, respectively. Moreover, the extinction 
coefficients of RT samples in the Vis were 0.01, 0.02, 0.01 
and of hot substrates were 0.01 for samples obtained at each 
pressure.

In 2009, a Pakistani team led by A.F. Khan prepared SnO2 
thin films by rf-magnetron sputtering and annealing at various 
temperatures (100–500 °C) for 15 min [25]. The analysis of 
optical properties based on the UV–Vis spectrum, show the 
refractive index ranged from nmin = 1.20 to nmax = 1.55 in the 
UV to near IR regions, the refractive index increased up to 3.00 
in the IR region. Moreover, it was observed that the refrac-
tive index at λ = 589.3 nm decreased from 1.50 to 1.35 with 
annealing temperature increase. The extinction coefficient and 
the relative permittivity ε were observed to be almost constant 
with oscillatory behavior up to about 1500 nm, beyond which 
they rises rapidly in the higher IR region.

Next year, it was observed that the annealing temperature 
has a significant effect on the structure and optical properties 
of thin films of SnO2 [26]. To determine the influence of the 
annealing temperature, SnO2 thin-films were prepared by 
electron beam evaporation, annealed in 350, 400, 450, 500 
and 550 °C for 2 h and subjected to UV–Vis analysis. It has 
been shown that the refractive index oscillated between 1.25 
and 2.30 in the UV, visible and near IR regions. The refrac-
tive index measured at λ = 589 nm was found to increase 
from 1.35 to 1.88 with increasing annealing temperature 
showing oscillatory behaviour due to the fringing effect. 
The authors suggested that, due to the energy band gap and 
refractive index value ranging from 3.61 to 4.22 eV and 
1.25 to 2.30, respectively, SnO2 thin films can be useful as 
a window material for solar cell applications.

In 2014, Paliwa et al. used the surface plasmon resonance 
(SPR) technique to examine the optical and electrical prop-
erties of SnO2 thin film deposited by the rf-sputtering tech-
nique on a gold-coated glass prism [27]. The complex die-
lectric constant (εi =  εi

′ + iεi
″) estimated at λ = 633 nm thin 

film was about 2.07 + 0.001i, while the room temperature 
value of the complex refractive index (ni + iki) for SnO2 thin 
film was 1.439 + 0.032i. In addition, the authors proved that 
this type of material can be used for gas sensors, e.g. NH3.

 In 2015, Sagadevan and colleagues published the results 
of their work [28] on the manufacturing of nanocrystalline 
thin SnO2 films by the chemical bath deposition (CBD) 
method and they analysed the optical and electrical proper-
ties of the films. The refractive index (n), extinction coef-
ficient (K), real dielectric constant (εr) and imaginary dielec-
tric constant (εi) were determined at λ = 900 nm and they 
were equal to 1.56, 0.0032, 2.562 and 0.0025, respectively.

In 2019, a group of scientists from the National Research 
Center in Egypt deposited oxide films on glass substrates using 

the low-price spray pyrolysis method, and, among others, SnO2 
thin films were prepared and their linear and non-linear optical 
properties were examined [29]. According to Wemple-DiDo-
menico (single oscillator model) model, the values of the zero-
frequency dielectric constant (εs) and the static refractive index 
(ns) were calculated as equal to 3.50 and 1.72, respectively.

The above considerations indicate that the multifunction-
ality and the ability to control the optical properties of SnO2 
nanostructures made them useful as electrodes in lithium-
ion (LIB) batteries, gas sensors, photocatalysts for purify-
ing water from dyes and ions, as well as elements of novel 
photovoltaic solar cells [30–35].

According to our best knowledge, there were no contri-
butions to the detailed analysis of the optical properties of 
electrospun SnO2 nanowires. Thus, a small number of pub-
lications and premises for a large specific surface area and 
unique optical properties of one-dimensional SnO2 nano-
structures prompted the authors to produce them using the 
electrospinning method with subsequent thermal treatment. 
Atomic force microscopy (AFM), Fourier-transform infrared 
spectroscopy (FTIR), scanning electron microscopy (SEM) 
and X-ray energy dispersion spectroscopy (EDX) are used 
to characterise the morphology, structure and chemical com-
position of the obtained nanomaterials. In addition, opti-
cal properties are analysed based on the UV–Vis spectrum 
of the obtained SnO2 nanowires. The recorded absorbance 
spectra allow to determine the refractive index n, the real 
part of the refractive index n and the imaginary part k of 
the refractive index as a function of wavelength, dielectric 
permittivity ε and the real and imaginary part εr and εi of the 
dielectric constant. The obtained values are consistent with 
those published so far [28].

2 � Materials and methodology

To prepare the spinning solutions, the follow-
ing reagents purchased from Sigma-Aldrich were 
used: poly(vinylpyrrolidone) (PVP, purity of 99%, 
Mw = 1,300,000 g·mol−1), ethanol (EtOH, purity 99.8%), 
N, N-dimethylformamide (DMF, purity of 99.8%) and tin 
(IV) chloride pentahydrate (SnCl4·5H2O, purity 98%).

At first, three poly(vinylpyrrolidone) solutions were pre-
pared by adding PVP to ethanol in an amount corresponding 
to 8% wt. relative to the total weight of solvents and stirring 
for 48 h. At the same time, different amounts of tin oxide 
precursor were dissolved in DMF and after 48 h of stirring 
added to the PVP solution and mixed for another 24 h to 
obtain homogeneous solutions. The final solution contains 
EtOH:DMF in a mass ratio of 1:1 and PVP:SnCl4·5H2O in 
mass ratio of 2:1, 1:1, 1:3 (type 1, 2, 3, respectively).

The nanofibrous composite PVP/SnCl4 mats were manufac-
tured using FLOW—Nanotechnology Solutions Electrospinner 
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2.2.0–500 device, maintaining constant parameters: voltage 
and distance between electrodes of 22 kV and 15 cm and a 
flow rate of 0.4 ml·h−1. To remove the organic matrix, the 
as-obtained composite nanomats were calcinated in a high-
temperature vacuum furnace HT-2100-G-Vac-Graphit-Special, 
at 500 °C for 10 h with a heating rate of 10 °C·min−1 for all 
samples; after that the samples were left in the furnace to cool 
(Fig. 1).

To evaluate the morphology and chemical composition of 
the manufactured materials, a Zeiss Supra 35 scanning elec-
tron microscope (SEM) with a EDAX Trident XM4 series 
x-ray spectrometer (EDX) were used. Based on the SEM 
images, the diameters of the randomly selected composite 
and nanowires were measured using a Digital Micrograph. 
The structure analysis was investigated using FTIR Nicolet 
6700/8700 spectrophotometer. Moreover, to observe the sur-
face morphology of obtained one-dimensional nanostructures, 
an atomic force microscope (AFM) park system was used.

The absorbance measurements were carried out using 
a UV–Vis Evolution 220 spectrophotometer by Thermo-
Scientific Company. The optical properties were analysed 
on the basis of UV–Vis absorbance spectra, and values of 
refractive index n, real n′ and imaginary k part of the refrac-
tive index, complex dielectric permittivity ε, and real and 
imaginary part εr and εi of the dielectric permittivity were 
determined for the 1D SnO2 nanomaterials.

3 � Results and discussion

3.1 � Morphology, topography and chemical 
composition analysis

In Fig. 2, the SEM images of the PVP/SnCl4 nanofibres with 
the corresponding fibre diameter histograms are shown. 
Based on the SEM images, it was observed that all obtained 

samples were characterised by a constant diameter along 
the entire length of the smooth fibre. However, the sample 
observation for the lowest precursor concentration revealed 
that, unlike the other two, many fibres were found that stuck 
together, and a small number of defects in the form of beads 
was detected. The appearance of these defects is due to the 
hydrolysis and condensation reactions during mixing of the 
polymer and precursor solutions. A too low viscosity of the 
prepared spinning solution was also indicated. In the case 
of samples obtained from 1 and 2 solution types, it can be 
stated that the appropriate parameters of the solution and 
the electrospinning process were selected. In addition, ana-
lysing the diameter sizes based on a 100-fold measurement 
of randomly selected composite nanofibers, it can be seen 
that, as the precursor concentration increases, the average 
diameter (davg) of the nanofiber increases from 55 nm for the 
sample with the lowest precursor concentration to 121 nm 
for the sample with the highest concentration. The nano-
material from the type 3 solution consisted of fibres with 
the largest variation in diameter values, which ranged from 
40 to 260 nm, and the most numerous group—40% were 
fibres with diameters from 140 to 180 nm. In the case of 
samples obtained from type 1 and 2 solutions, most (42 and 
37%) fibres had a diameter in the range of 20–80 nm and 
50–120 nm, respectively.

The topography analysis of the as-obtained compos-
ite PVP/SnCl4 nanofibres was carried out using an atomic 
force microscope. In Fig. 2, it is shown that all the nanofi-
brous mats display a web-like structure consisting of many 
randomly entangled and well-individualised fibres with 
the micro- and nanosized dimension. The results obtained 
using AFM allow to draw the same conclusions as in the 
case of SEM analysis that all of PVP/SnCl4 nanofibers had 
a cylindrical shape and a smooth surface with no visible 
defects, agglomeration of precursor particles or impurities. 
Unlike SEM images for the sample with the least amount of 

Fig. 1   Methodology of SnO2 nanowires fabrication via electrospinning and sol–gel methods
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precursor, there are no visible defects in the form of beads. 
This is because defects are not visible in every area of the 
sample. In addition, the relationship between the diameter 
increases with the increase in precursor concentration in 

the spinning solution is also observable. The values for the 
apparent diameter of the nanofibres measured with AFM 
were higher than those obtained by SEM, and this is prob-
ably due to a bump effect of nearby fibres. The SEM and 

Fig. 2   SEM images of PVP/SnCl4 nanofibres obtained after electrospinning from solution type: a one; c two; d three and corresponding to them 
histograms of diameter distribution (b, d, f)
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AFM analysis confirmed that homogeneous composite PVP/
SnCl4 nanomats were produced by electrospinning method 
(Fig. 3).

The EDX spectrum recorded for nanofibers before cal-
cination with PVP:SnCl4 ratio 1:1 is shown in Fig. 4a. The 
noticeable Sn peak comes from the presence of precursor 
particles, just like the peak of Cl which precursor contains 
much more. In the spectrum made for corresponding SnO2 
nanowires after calcination at 500 °C, there is no Cl peak 
derived from the precursor, while a characteristic peak of 
oxygen appeared (Fig. 4b), which confirms the formation 
of pure SnO2 nanowires. The analysis of the structure of 

SnO2 nanostructures before and after calcining with FTIR 
is shown in Fig. 5. The spectrum recorded for the sample 
before calcination process shows peaks characteristic of PVP 
polymer presence O–H, C–N, C=O and C–H bonds, which 
are visible at 1290, 1460, 1640 and 2931 cm−1, respec-
tively. Furthermore, a wide band typical for Sn–O binding 
was observed at 612 cm−1, which is due to the presence of 
the precursor. Analysing the FTIR spectrum of the nano-
structures after the calcining process, it can be seen that 
only one major peak from Sn–O binding occurs at position 
668 cm−1, which like EDX results confirms the SnO2 nanow-
ires preparation.

Fig. 3   AFM surface characterisation of PVP/SnCl4 nanofibres type: a, d one; b, e two; c, f three before calcination

Fig. 4   EDX spectra of obtained: a type 2 nanofibres before calcination, b type 2 nanowires after calcination



	 W. Matysiak et al.

1 3

115  Page 6 of 10

The SEM images of SnO2 nanowires, produced by calci-
nation of PVP/SnCl4 nanofibers at 500 °C, and the histogram 
based on a 100-fold measurement of diameters of randomly 
selected wires is shown in Fig. 6. The morphology analy-
sis of SnO2 nanowires showed that, compared to the fibres 
before calcination, they were characterised by a rough sur-
face with numerous crystalline protuberances increasing the 
specific surface. In addition, the observation of nanowires 
obtained after calcination of type 1 nanofibres showed sig-
nificant size of SnO2 agglomerates formed from beads pre-
sent before calcination. Based on a 100-fold diameter meas-

urement, it was noticed that the average diameter of mid 
(51 nm) and the highest precursor concentration (101 nm) 
nanowires are smaller than those of corresponding nanofi-
bres, which is the result of organic phase degradation. In the 
case of type 1 nanowires, an increase of more than twofold 
from 55 to 120 nm in diameter is observed, which is caused 
by sintering of previously stuck fibres.

3.2 � Optical studies

Based on the received spectra of absorbance as a function of 
the wavelength using the method presented in [36, 37], the 
following optical and electrical properties were determined: 
the refractive index n, real n′ and imaginary k part of the 
refractive index as a function of the wavelength, complex 
dielectric permeability ε, and real and imaginary part εr and 
εi of the dielectric permeability as a function of the radiation 
wavelength of the produced SnO2 one-dimensional nano-
structures, using the final equations in the following form:

where np—the refractive index of the substrate used, � —
wavelength, A—absorbance,

where R—reflectance, T—transmittance, 
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Fig. 5   FTIR spectra of obtained: a type 2 nanofibres before calcination, b type 2 nanowires after calcination
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Fig. 6   SEM images SnO2 nanowires obtained after calcination in 500 °C type: a one, c two, d three nanofibres and corresponding to them histo-
grams of diameter distribution (b, d, f)



	 W. Matysiak et al.

1 3

115  Page 8 of 10

(5)�r(�) =

⎧⎪⎨⎪⎩

�
4R(�)

[R(�) − 1]2
−

�
1

4�
�ln

1

T(�)

�2�1∕2

−
R(�) + 1

R(�) − 1

⎫⎪⎬⎪⎭

2

−

�
1

4�
�ln

1

T(�)

�2
,
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parts (b) of the dielectric constant for the one-dimensional tin oxide nanomaterials
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Based on the above equations and UV–Vis spectra, 
recorded for the semiconductor one-dimensional SnO2 
nanostructures the spectral dependences of the n�(�) , k(�) 
and �r(�), �i(�) , were determined (Fig. 7). The values of the 
refractive index (Eq. 1), dielectric permittivity (Eq. 4) for the 
electrospun one-dimensional tin oxide nanostructures, and 
the obtained results are presented in Table 1.

The refractive indexes analysis performed for all three 
groups of electrospun one-dimensional SnO2 nanostructures 
showed that the calculated values are similar fibre (Table 1). 
In addition, using the recorded UV–Vis spectra and Eq. (4), 
the dielectric constants of the produced SnO2 nanowires were 
determined, which were, respectively, 2.30, 2.28 and 2.26 for 
nanostructures obtained from 2, 1 and 3 of the spinning solu-
tion type (Table 1). The calculated values of refractive indices 
and dielectric constants for electrospun one-dimensional SnO2 
nanostructures coincide with the values obtained on the basis 
of absorbance spectra by Suresh Sagadevan and Jiban Pod-
der (n = 1.56, ε  = 2.562) [28] in the case of two-dimensional 
tin oxide nanostructures. Slight difference in the optical con-
stant values of the one-dimensional SnO2 nanostructures in 
the form of an electrospun thin films (this study) and solid 
thin layer obtained by the chemical bath deposition (CBD) 
method [28], probably resulted from the morphology of the 
nanomaterials. The obtained results proved the possible future 
application of this type of 1D tin oxide nanostructures in the 
production of photovoltaic cells or optoelectronic devices.

4 � Conclusion

This study demonstrates the fabrication of SnO2 one-dimen-
sional nanostructures by a combination of two simple meth-
ods: sol–gel and electrospinning. The morphology and opti-
cal properties were analysed. In the first stage, a PVP/DMF/
EtOH/SnCl4 solutions were prepared, which were electro-
spun to obtain the composite PVP/SnCl4 nanofibrous mats. 
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As-spun nanomats were dried and calcined in a vacuum 
furnace at 500 °C for 10 h, which resulted in the forma-
tion of SnO2 nanowires. The analysis of SEM and AFM 
morphology show that smooth, homogeneous nanofibres 
with diameters ranging from 30 to 240 nm were obtained. 
The composite nanofibres produced from the solution with 
the smallest amount of precursor were characterised by the 
smallest average diameter. The SnO2 nanowires obtained 
as a result of calcining were characterised by a developed, 
rough surface with numerous crystalline protuberances. 

The comparison of the diameters of the obtained nanowires 
showed that the smallest average diameter was characteristic 
of the wires obtained as a result of electrospinning a solution 
with a 1:1 precursor to polymer ratio.

As a result of the UV–Vis spectra analysis of SnO2 
nanowires, it was shown that, regardless of the concen-
tration of the precursor in the solution from which they 
were obtained, they have similar values of refractive index 
(1.50–1.52) and dielectric constant (2.26–2.30). These val-
ues are similar to those presented so far in the literature, 
which confirms that the method used allows obtaining good 
quality 1D SnO2.

The hybrid method combining electrospinning with the 
sol–gel technique has many advantages over other methods 
of manufacturing one-dimensional nanomaterials, because it 
enables relatively simple, reproducible and above all cheap 
production of ready-to-use nanomaterials, which without 
the need for functionalisation or purification are character-
ised by comparable or better physical properties than their 
equivalents obtained by other methods.

The above considerations indicate that low-cost SnO2 
nanowires due to their beneficial optical properties can be 
used as photoanodes of modern dye cells, electronic com-
ponents or photocatalysts.
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Table 1   Refractive index and dielectric permittivity obtained for the 
electrospun 1D SnO2 nanomaterials

Parameter SnO2 nanowires

Type of spinning solutions

Type 1 Type 2 Type 3

n 1.51 1.52 1.50
ε 2.28 2.30 2.26
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