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Abstract

Electrospun ZnO was deposited on a glass substrate from zinc acetate dihydrate (Zn(CH3;COO),.2H,0) with polyvinyl acetate
(PVAc) polymer dissolved in N, N, dimethyl formamide (DMF) and annealed in the presence of oxygen until organic molecules were
decomposed. The resultant fibre was characterized using scanning electron microscope with energy dispersive spectrophotometry
(SEMEDS), Fourier transform infrared (FTIR), and Rutherford backscattering spectroscopy (RBS). SEMEDS and FTIR exhibited
a total decomposition of the organic precursor. The mean fibre width was found to be 260 nm, and fibre thickness was measured at
460 nm. XRD patterns indicate that ZnO was corundum with the hexagonal wurtzite structure. The crystallite size was determined
by the Debye formula to be 54 nm. The optical analysis indicated that the percentage transmittance increased after calcination.
The material band gap for this electrospun ZnO fibre was found to be 3.28 eV. The material optical parameters such as dispersion
energy, average oscillator strength, and single oscillator strength were also calculated. The optical conductivity and dielectric plot
demonstrated that the material conductivity and dielectric properties increase with increasing photon energy and increase sharply
around the material energy bandgap. The Urbach tail analysis of the materials shows that they obey the Urbach rule. Therefore, the
n-type electrospun ZnO fibre high refractive index is attributable to the presence of excess oxygen.
© 2017 Taibah University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
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Zinc oxide semiconductor materials have been widely
used primarily due to low cost and outstanding chemi-
cal and physical properties [ 1]. ZnO is an n-type material
having a wide band gap (3.21-3.42 eV) at room tempera-
ture. Itis a group 7I-VI compound semiconductor having
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a stable wurtzite structure and large exciton bindng
energy of 60 meV with lattice spacing a =0.325 nm and
¢=0.521 nm. It is a unique material that exhibits optical,
semiconducting, pyroelectric and piezoelectric proper-
ties [2,3]. It has attracted serious research attention
because of its applicability to wide applications such
as light emitting diode [4,5], solar cells [6,7], chemi-
cal and gas sensors [8], ultraviolet (UV) light detector
[9], stimulated emission with low loss and high gain
[10], and transparent conducting oxide [11]. Due to
these varied applications, several methods including thin
films and polymeric approaches have been employed to
deposit ZnO. Some of the thin film methods used include;
chemical vapour deposition [12,13,14], chemical bath
deposition [15], laser deposition [16,17], spray pyrol-
ysis [18], magnetic sputtering [19], thermal oxidation
[20], molecular beam epitaxy [21] and electrospraying
[8]. ZnO fibre on the other hand has been synthesized
using template [22] and electrospinning [23,24] meth-
ods.

The electrospinning method dates back to the work
of Zeleny in 1914 and was previously termed ‘“electro-
static spinning”. This researcher found the technique to
be useful for spinning polymer fibres having a small
diameter [25]. This method, which uses the principle
of electrostatics depends on electromotive force to form
a fibre. This method has also been described as indis-
pensable in the scientific and economic resurgence for
developing nations [26]. Electrospinning has continued
to gain serious research attention owing to its unique
properties of the resultant nano/micro fibres (large sur-
face area to volume ratio and cost effectiveness) [27,28].
ZnO nanofibres, including nanotube and nanorods [29]
belong to the one-dimensional group of nanomate-
rials which are flexible in nature. ZnO nanofibres
have demonstrated improved properties in photocon-
ducting, semi-conducting and piezoelectric properties
[30,31].

It has been reported that in modern day optoelec-
tronics and optoelectronics design, a good knowledge
of refractive index as a function of wavelength is impor-
tant in predicting the photoelectric characteristics of a
device [32]. Hence, an accurate knowledge of the opti-
cal and structural properties of electrospun ZnO fibres is
important due to its very wide applicability in the anal-
ysis and design of optical and optoelectronics devices.
Unfortunately, there are very large discrepancies in the
optical properties of electrospun ZnO fibre reported from
various studies. In view of this, reliable determination of
the optical properties of the electrospun ZnO fibre is still
paramount.

In this study, we synthesised ZnO nanofibres on
glass substrate by electrospinning technique. The fibres
have been characterized using X-ray diffraction analysis
(XRD) for structural determination, scanning electron
microscope (SEM-EDX) for morphology and com-
position. UV-Visible spectrophotometer and Fourier
Transform Infrared Spectroscopy (FTIR) were also
employed for determination of optical parameters as
well as vibrational and stretching modes of the chemical
bonds in the samples.

2. Materials and Methods

Poly(vinyl acetate) (PVAc) (Mw=500,000g by
GPC), zinc acetate dihydrate (Zn(CH3COO),.2H,0)
salt>99% assay from Sigma-Aldrich and anhydrous
N-N-dimethylformamide > 99.8% assay from Scharlau
were used as precursor materials. 1 g of zinc acetate
dihydrate salt with 1.6 g of polyvinyl acetate (PVAc)
polymer were dissolved in 10ml of anhydrous N, N,
dimethyl formamide (DMF). The solution was stirred
till it was homogenous. The glass substrate was pre-
cleaned using dilute hydrochloric (HCI) acid, ethanol
and distilled water. The prepared solution was fed into
the spinneret. The distance between the tip of the spin-
neret and the substrate was kept at 20 cm. 12kV voltage
was applied to the solution and the substrate attached
to an aluminium foil was grounded. The solution was
electrospun between 2 to 3 hours in order to have a thick
fibre deposit. The deposited fibres on glass substrates
were calcined at 700 °C in tubular furnace in the pres-
ence of oxygen. The as-spun and calcined fibre were
later analysed for their chemical, structural, optical and
electrical properties.

The scanning electron microscope TESCAN model
equipped with Oxford instrument X-Max (EDS) was
used to study the surface morphology and elemental
composition of the electrospun and annealed fibres.
Rutherford Backscattering analysis was carried out using
the 1.7MeV Ion Beam Accelerator at the Centre for
Energy Research and Development, Obafemi Awolowo
University, Ile-Ife, Nigeria to determine the elemen-
tal concentration and the thickness of the deposited
fibres. The Fourier Transform Infrared (FTIR) was mea-
sured using a NICOLET S5 instrument from Thermo
Scientific. The optical characterization was carried out
using the Stellanet UV-visible Spectrophotometer model
EP2000 (UV-VIS-NIR). Image] was used to determine
the fibre diameter. The crystal structure and symmetry
were analysed using Brucker D8 high resolution X-ray
diffractometre (XRD).
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Fig. 1. The SEM images of the ZnO nanofibre (a) as-spun (b) calcined.

Table 1
Elemental composition of the calcine ZnO nanofibres determined by
EDX.

Table 2
Concentration and thickness of the calcined ZnO from RBS after
simulation.

Elements Weight% Atomic% Compound Formula
Si 44.65 32.58 95.51 Si0,
Zn 3.60 1.13 4.49 ZnO

(6} 51.75 66.29

3. Results and Discussion
3.1. Morphology

Fig. 1 shows the SEM image of the ZnO nanofi-
bre. The average fibre diameter was found to decrease
from 480 nm to 260 nm after calcination. The deposited
nanofibres were non-woven in nature and are bead free.
The difference in the measured mean fibre diameter
observed in the as-spun and calcined material could be
attributed to the removal of PVAc which served as a
carrier for the metal oxide and other volatile inorganic
constituents, such as acetate, during the calcination pro-
cess.

3.2. Elemental and chemical analysis

The energy dispersive X-ray (EDX) analyses provide
a way of analysing the chemical composition of materi-
als. The EDX analysis of the calcined ZnO nanofibre is
shown in Fig. 2 and Table 1. It is evident from the spectra
that the fibres contained the desired elements. The pres-
ence of silicon in the calcined samples of Fig. 2 can be
attributed to the glass substrate.

Elements Concentration Bulk Bulk
thickness thickness
(atm/cm?) (nm)

Zn 0.136863 4.14E+17 460.215

o 0.863137

The RBS analysis gives the specific amount of each
element present and most importantly the film’s thick-
ness that is necessary for optical data analysis. Previous
findings have shown that the composition of a semicon-
ductor plays an important role in its properties, hence the
need to accurately determine and control the elemental
make-up [33].

The result of the simulations of the RBS spectra using
the SIMNRA software gave the amounts of specific ele-
ments and the thickness (in atoms/cm?), which was then
converted to nanometre. The RBS spectra for ZnO is
shown in Fig. 3, and the analysis is presented in Table 2.

The distinct nature of the Zn peak from the spectra
suggests that the electrospun nanofibre adheres firmly
to the substrate. The RBS spectra suggests that decom-
position of the starting precursor forms crystalline ZnO
nanofibres. The spectra also show little or no trace of
impurities from organic constituents, such as Carbon and
Hydrogen or acetate.

The FTIR analysis of the studied ZnO electrospun
nanofibres for the as-spun and calcined fibre is given
in Fig. 4. The broad peak observed at 3513cm™!
signifies the bonded O-H stretching frequencies of
the alcohol for the as-spun nanofibre samples. These
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Fig. 2. Energy dispersive X-ray (EDX) for the calcined ZnO nanofibres.

Energy [keV]

200 400 600 800 1000 1200 1400 1600 1800

Counts
3

—e— 700
— Simulated|
—0
—Na
—Mg
—Al
—Si
—K
Ca
——Fe
Zn

\{

Yo . -2 Do lameed

R A s LI L L L L L e e L A SRBLAIEAA L
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420
Channel

Fig. 3. Rutherford backscattering (RBS) spectrum of the calcined ZnO electrospun nanofibres.

O-H stretching could arise from the water molecule of
the crystalline system of the Zn(CH300),.2H,0. The
strong O-H stretching peaks observed for the calcine
samples at 3686cm~! probably account for the non-
bonded free O-H stretching frequencies in the calcine
samples. The associated hypochromic shift (blueshift)
observed for the calcine samples compared with the as-
spun samples might be due to the effect of calcination
on the sample. The double bond of CH, CH; or CHj3
observed at 2920 cm ™! in the as-spun fibres is attributed
to the long chain of the PVAc polymer used. The absence
of this bond in the calcined sample showed that the PVAc

polymer had been removed from the sample as a result
of the calcination. This further suggests a likely phase
change from the amorphous to a crystalline phase.

3.3. Structural analysis

The X-ray diffraction patterns of the calcined sample
was studied to confirm the crystallinity of the samples
and to investigate its crystal structure. The ZnO spec-
tra presented in Fig. 5 exhibit polycrystalline nature
consisting of several diffraction peaks of hexagonal
wurtzite structure with major diffraction peaks at [100],
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Fig. 5. XRD spectra of the calcined ZnO.

[101], and [200] corresponding to 26 =32.58°, 36.98°
and 67.20°, respectively, with the most pronounced peak
indicating a preferred growth along the [100] direction.
The observed peak matches the database of COD-Inorg
REV140301 2015.07.06 corresponding to the entry 96-
230-0451 [34]. The unit cell parameters of the ZnO
as given by the reference database is a=3.2493 A
¢=5.2057 A and having a density of 5.677 g/lcm® [35].
The matching phase and Rietveld refinement for the

ZnO using the Match 3 software were performed, and
the refinement showed that there is convergence with a
reduced chi-square of 9.6 and weight average of 104.6.
The average crystallite size of the fibre calculated using
the Scherer formula given in equation | is 54 nm with
lattice strain of 0.0024.

0.9x
D = 1
Bcosb
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Fig. 6. Transmittance spectra of as-spun and calcine ZnO electrospun nanofibres.

3.4. Optical characterization

Anincrease in the percent transmittance was observed
for the ZnO samples after calcination. This finding could
be attributed to the decomposition of all the organic
components presents in the as-spun fibres and the trans-
formation from the amorphous state of the as-spun fibre
to crystalline state as evidenced by the XRD results.
Fig. 6 shows a cut off wavelength shift from 339 nm
to 274nm in the near UV region between the as-spun
and calcined sample. The percent transmittance for ZnO
increased from approximately 60% in the as-spun sample
to approximately 98% in the calcine samples. As earlier
stated; the decomposition of the organic polymer and the
removal of the acetate from the Zn(CH3COO),.2H,0 to
form crystalline ZnO provoked a reduction in the thick-
ness which led to a rise in the transmittance [36,37].
The transmittance increased from the visible to the near-
infrared region. A high transmittance value for zinc oxide
was also reported previously, which implies that the ZnO
deposited is very transparent as it allowed almost all the
incident light to pass through it and absorbed very little
as shown in Fig. 6.

The refractive index of semiconducting materials has
been found to play an important role in their electrical
and optical properties [38]. Material with a high refrac-
tive index have been known to trap incident rays [39].

The refractive index has been determined using equa-
tion 2 while the reflectance, as a function of wavelength,
has been calculated from the transmittance data using
equation 3. The variation in the refractive index as a func-
tion of the photon wavelength was obtained and plotted
in Fig. 7.

1+ /R )
"TI-UR
R =1 — (Texp (A))? 3

The refractive index was found to decrease gradually
from shorter to longer wavelengths. This result is also
supported by the findings previously reported [40]. The
refractive index of the calcined zinc oxide was found
to vary between 4.2 and 1.2 in the wavelength range of
300nm to 1000 nm. This result lies within the ranges
of 6.8 to 1.8 and 3.3 to 1.7 reported [41] for oxygen-
deficient and nearly stoichiometric ZnO, respectively.
However, in this study, oxygen was abundant due to the
calcination process. Hence, the high refractive index of
ZnO nanofibre may be attributed to excess oxygen.

The optical bandgap of materials is known as the min-
imum energy required by a semiconductor to excite a
photon. The difference in the optical bandgap to the elec-
trical bandgap lies majorly in the exciton binding energy.
For material with very small exciton binding energy the
optical bandgap and electrical bandgap are similar. To
determine the optical bandgap of the materials deposited,
we used the Tauc plot given in equation 4 and take n=2,
since ZnO exhibits direct bandgap [42.43].

A(hv— Eg)" 4
hv

o =

A plot of (whv)"against hv gave the Tauc plot for the
determination of the bandgap. The intersection of the lin-
ear fit with the Av axis at (¢hv)" =0 provided the optical
band gap. The results from the Tauc plot are presented
in Fig. 8. The obtained band gap for the ZnO was found
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Fig. 7. Refractive index spectra for as-spun and calcined ZnO electrospun nanofibre.

6.00E+009

5.00E+009

4.00E+009

3.00E+009

(ahv)’

2.00E+009

1.00E+009

0.00E+00

1.0 1.5 2.0

25 30 A5 4.0 4.5 5.0

hv (ev)

Fig. 8. Energy bandgap plot for the calcined ZnO nanofibre.

to be 3.28 eV, a value similar to that reported previously
at 3.26eV [42].

Oscillator’s strength is one of the several parameters
that are widely used in describing the atomic strength and
optical molecular transition in materials [44]. Among
the molecular and atomic parameters that are related to
the optical strength are transition dipole moment [44].
The oscillator strength of a material is a dimensionless
quantity which describes the probability of emission or
absorption of electromagnetic radiation in the energy
levels transitions of an atom or molecule [45] [46].

The spectroscopic data for the electrospun nanofi-
bre were employed to derive their complex dielectric
function. Dielectric imaginary and the real parts of the
function £” and &’, respectively, are related to the extinc-
tion coefficient “k”and refractive index “n” by equation
5 and 6, respectively,
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Fig. 10. Plot for determining the average oscillator parameters (\,) and average oscillator Strength (S,), dispersion parameter ((E,/S,) for the

calcined ZnO nanofibre using equation 8.

where ¢&;, & k and n are the imaginary dielectric con-
stant, real dielectric constant, extinction coefficient, and
refractive index, respectively.

For the value of n far greater than k, &’ is approxi-
mately equal to n?, the dependence of &” on \ can be
examined using the relation [47] given by equation 7,

2

8’21’12:800—(62) (Ni>)\2 7
mc m

where c is the speed of light, m* is the effective mass of

the carrier, N, is the carrier density, e is the electronic

charge, and e is the high-frequency dielectric constant.

To obtain the high frequency dielectric constantey, a
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graph of n? as a function of A? was plotted, as shown in
Fig. 9, and by extrapolating the linear part of the curve
at higher wavelength to the n® axis at the intersection
where A2 = 0, the value for the £, is obtained.

To evaluate various oscillator parameters, the long
wavelength approximation of the single-term Sellmier

relation [47]) is given:

SN2
) —1= o
A

-

\o is the average oscillator parameter and S, is the aver-
age oscillator strength. Plotting of (n> (\) — 1)~ ! against
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\~2 produces a straight line fit which gives the values
of 1/ So)\(z) and 1/S, from intercept and the slope, respec-
tively. The dispersion parameter (E,/S, ) for each sample
is calculated using

_ he
B ek,
The plot is given in Fig. 10. The relationship between

the refractive index and the photon energy is given by
[47]

E, 9

n>(hv)—1= % 10
Ez — (hv)

where Ej, is the single oscillator strength and E is the

dissipation energy. By linearizing the expression and

plotting (n2-1)~! against (hv)? and using the dielectric

constant &, the zero-

o =n2 =1+ Fa/ky 11

frequency refractive index (n,) was determined using the
values of E; and E, determined from the slope (E;o/Ey)
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Table 3

Optical constants for the calcined ZnO electrospun nanofibre.
Optical parameters Symbol ZnO

Average oscillator strength So 6.37 x 102 m~2
Average oscillator parameter Ao 0.37 (pm)
Dispersion parameter E,/S, 1.23Ex 10713 eVm?
Single oscillator strength E,, 3.54eV

Dispersion energy E, 3.168eV
High-frequency dielectric constant €4 3.29

Zero frequency dielectric constant €, 1.895367

Zero frequency refractive index n, 1.38

Density of state effective mass ratio  No/m* 1.1 x 1050 m/s? C~2

and the intercept (1/E5,E4). The plot is given in Fig. 11.
The optical parameter constants obtained from the anal-
ysis are listed in Table 3.

Extinction coefficient k, given by equation 12 is a
material parameter which defines how strongly it absorbs
light at any given wavelength,
k= o 12

4r
where k is the extinction coefficient, o = absorption coef-
ficient and \ is the wavelength (Fig. 12).

The value of the extinction coefficient varies from
0.002 to 0.04 for the ZnO, as shown Fig. 14, which
agrees with the result previously reported [43]. Knowing
the value of the extinction coefficient and the refrac-
tive index of the material will allow the determination
of the real and imaginary part of the dielectric constant

of nanofibre materials. The relationship used is shown
in equation 12. The optical conductivity of the material
was estimated using equation 13. The relation between
the conductivity and photon energy is given in Fig. 13
and that of the dielectric constant of photon energy
in Fig. 14,

. anc
Conductivity = — 13
4

where «, n and c are absorption coefficient, refractive
index and speed of light, respectively. The conductivity
increases toward the high photon energy and increases
sharply around the value of the bandgap energy. The
graph of the dielectric shows the same trend as that of
the conductivity. The sharp increase in the conductiv-
ity and dielectric constant around the bandgap can be
attributed to the strong interaction between the photon
and electron. It could also be seen that the dielectric
characteristic for both the real and imaginary follow the
same pattern with the value of real higher than that of
the imaginary. The results obtained are similar to those
previously reported [43], [48] for the dielectric property
of ZnO (Fig. 15 and 16).

According to [49] “The exponential tail appears
because disordered and amorphous materials produced
localized states extended in the bandgap.” The spectral
dependence of the absorption edge in the low photon



1256

9.6

9.4

9.2

9.0

8.8

In (alpha)

8.6

8.4

8.2

H.S. Bolarinwa et al. / Journal of Taibah University for Science 11 (2017) 1245-1258

ZnO

y=a+b*x
No Weighting
0.01838

Equation
Weight
Residual Sum
of Squares
Pearson's r
Ad. R-Square

0.99682

0.99331

Value
246147
213952

Standard Error
0.11684
0.03926

Intercept

B Slope

2.7 2.8 29

3.0

3.1 32 3.3

hv (eV)

Fig. 16. Ubarch tail energy plot for the calcined ZnO nanofibre.

energy is assumed to obey the Ubarch rule given in
equation 14

hv
x (V) = apexp (AE)

where «, is a constant, Av is the photon energy and AE
denotes “the width of the tail of localized states in the
bandgap” (Urbach energy). By plotting In(a) against zv,
the inverse of the slope from the linear fit of the linear
portions of the curves. Gives the Ubarch tail width energy
of the localized state of the bandgap.

14

4. Conclusions

The electrospinning technique is a method of fibre
deposition that has gained widespread acceptance owing
to its unique properties, especially where a high spe-
cific large surface area to volume ratio exists. The
deposited nanofibres of ZnO has gained widespread
attention owing to its direct bandgap and high transmit-
tance value. The ZnO nanofibre properties investigated
include morphology, structure, chemical composition,
refractive index, extinction coefficient, bandgap, trans-
mittance, oscillators strengths and Urbach tail. The
transmittance value of the ZnO nanofibre film between
56% and 99% in the visible region makes it a candidate
for applications in the field of optoelectronics.
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