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Abstract

Zinc oxide (ZnO) nanorods (NRs) were obtained by oxidation of Zn thin layers, prepared by thermal evaporation method
under electric field, at different times of 2.5, 5, 7.5 and 10 h. The crystal structure of samples was investigated using X-ray
diffraction (XRD) measurement, which showed samples had a wurtzite hexagonal structure. In addition, field emission scan-
ning electron microscopy (FESEM) indicated that with an increase in the oxidation time, the NRs diameter increased too.
Elemental analysis of samples was performed using energy-dispersive X-ray spectroscopy (EDX) which clearly confirmed
the presence of Zn and O with an atomic ratio of 1:1. Further, Raman spectra of samples verified wurtzite hexagonal phase
due to high- and low-frequency vibration of E2 modes at room temperature and showed that with an increase in the oxida-
tion time, the lattice defects decreased whereas crystal quality of samples increased. Optical properties of samples were
determined by UV spectroscopy and demonstrated that when the oxidation time was added, the band gap energy of ZnO

NRs decreased, which was attributed to the increase in crystallite size.

1 Introduction

Zinc Oxide (ZnO) is an n-type semiconductor material with
direct and wide band gap 3.37 eV and a large exciton binding
energy of 60 meV at room temperature [1, 2]. It is also a low
cost, abundant, chemically stable, and nontoxic material [3]
that is crystallized in two forms of hexagonal wurtzite-type
and Zinc-blende [4].

In recent years, ZnO nanostructures have been of great
interest due to their optics, electronics, photonic, optoelec-
tronics, physical and chemical properties depending on their
size, form and morphology [5, 6]. These properties lead to
using ZnO in various applications including UV laser [7],
light-emitting diodes [8], solar and dye-solar cells [9], nano-
generators [10], gas sensors [11], photodetectors [12], pho-
tocatalysts [13], field effect transistor [14], and nanolasers
[15].
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Nowadays, several methods are used to synthesize ZnO
nanostructures, such as vapor liquid solid (VLS) [16, 17],
pulsed laser deposition (PLD) [8], sol-gel [18], hydrother-
mal [16], chemical vapor deposition (CVD), metal organic
chemical vapor deposition (MOCVD), and physical vapor
deposition (PVD) [19, 20]. The results of these methods
can lead to producing nanoparticles, thin film, nanoroads,
nanowires, and nanobelts. Physical vapor deposition is a
simple and low-cost repeatable method to produce ZnO
nanostructures.

In recent decades, most research groups have investigated
properties of ZnO nanostructures that are prepared by physi-
cal vapor deposition. O. A. Fouad deposited ZnO thin film
by thermal evaporation method and investigated the proper-
ties of photo-catalyst activity [21]. In his study, M. S. Islam
fabricated Zinc Oxide photo-electrode using modified ther-
mal evaporation method for water splitting application [22].
In addition, M. G. Farag’s team conducted studies on optical
and structural properties of thermal evaporated Zinc Oxide
thin films on polyethylene terephthalate (PET) substrates
[23]. S. Palimer et al. prepared undoped ZnO thin films by
thermal evaporation method and investigated their struc-
tural, optical and electrical properties [24]. As the literature
evinces, no electric field has been used for preparation of
ZnO nanostructures.
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Jouya et al. studied the effect of electric field on the
growth of thermally evaporated Zn thin films [25]. Con-
sidering the positive effect of applied electric field on the
growth of the Zn thin films, the layers prepared with thermal
evaporation method under applying a strong electric field
were considered for producing ZnO NRs in this study.

Oxidation of Zn thin films was carried out at the tempera-
ture of 550 °C in different times. Then the effect of oxidation
time on physical characteristics of NRs was studied.

2 Experimental procedures

To deposit Zn thin layer, Zn granules with 99% purity were
used as the primary material. The Zn thin film was depos-
ited on the glass substrate by thermal evaporation method
under the pressure of about 1.33 x 107> Pa. To use Zn layers
with higher crystallinity for preparing ZnO NRs, Zn lay-
ers were deposited by applying a strong electric field. The
well-cleaned glass substrates were held under an aluminum
plate; molybdenum crucible was also used for evaporating of
granules. To apply the electric field, a metal net was placed
between the source and substrate. The positive and negative
poles of voltage were connected to the aluminum plate and
the metal net, respectively. In this case, an electric field of
134,000 V/m (up to down) was applied and Zn thin films
were deposited on the substrates.

To obtain ZnO NRs, the Zn thin films were placed on a
small size heater (handmade) with a temperature of 550 °C.
The oxidation process of Zn thin films was carried out in the
air at the times of 2.5, 5, 7.5 and 10 h.

Furthermore, the effect of the oxidation time on prop-
erties of ZnO NRs was studied. Surface morphology and
crystal structural of the samples were investigated by SEM
images and X-Ray Diffraction (XRD). Elemental compo-
sition and chemical structure of samples were checked by
Energy-Dispersive X-ray spectroscopy (EDX) and Raman
Spectroscopy, respectively. In addition, UV-visible spec-
troscopy was used to investigate the optical properties of
these samples. The ZnO NRs samples were named S, S,,
S; and S, for the oxidation times of 2.5, 5, 7.5 and 10 h,
respectively.

3 Results and discussion

X-ray diffraction spectra of samples were recorded in a 26
range of 20-71 degrees so as to analyze the crystal struc-
ture and to determine lattice parameters, the crystallite size,
and lattice strain (Fig. 1). The peaks of (100), (002), (101),
(102), (110), (103), (200), (112) and (201) show a wurtzite
hexagonal crystal structure with P63-mc space group for
all samples (JCPDS No: 01-089-0510). In addition to ZnO
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Fig.1 XRD patterns of samples

peaks in Samples S}, S,, and S;, Zn peaks can also be seen
which shows Zn thin layer is incompletely oxidized. As
the oxidation time increased, the intensity of these peaks
decreased and eventually disappeared in Sample S,, which
means the deposited Zn layer was completely oxidized.

The crystallite size of ZnO NRs was obtained using
Debye—Scherrer formula [26]:

D=KA/pcosb (H

where D is the crystallite size, K is Scherrer constant, 4 is
the X-ray wavelength, f is the full width at half maximum
(FWHM) of diffraction peak and @ is the Bragg angle.

Lattice parameters a and ¢ were calculated by the fol-
lowing equation:

1/d* = %‘(h2 +hk+ k) /a* + ) c* )

Where h, k and [ are the Miller indexes, and d is the Bragg
planes distance [27].

The Lattice strain (&) and dislocation density (&) were
estimated using the Eqs. (3) and (4), respectively [28, 29].

€= fcosf/4 3)

6 =1/D? )

The obtained results for single peaks of ZnO NRs, as
the host structure, and for Zn as the guest structure, are
listed in Tables 1 and 2, respectively. Also, the average
values of crystallite size, strain, dislocation density, and
lattice parameters of each sample were summarized in
these Tables.

As it can be seen, the peak at (200) appears in Samples
S5 and S, in the ZnO structure, i.e. improving the oxidation
process and increasing the crystalline order. Increasing the
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Table 1 Data extracted from Sample ikl 20 (degree) FWHM D (mm) ex107  6x107° (m™2) a=b(A) c(A)
X-ray diffraction spectra of
the samples (ZnO as the host S, 100 31.77 0.426 o) 1.79 2.06
structure) 002 34.44 0402 23 167 189
101 36.25 0.432 22 1.79 2.06
102 47.58 0.472 22 1.88 2.06
110  56.60 0.464 25 1.78 1.60
103 62.89 0.549 21 2.04 2.26
200 - - - - -
112 6793 0.623 19 2.25 2.77
201 69.05 0.731 16 2.63 3.90
S, 100  31.79 0.419 22 1.76 2.06
002 34.46 0.416 23 1.73 1.89
101  36.26 0.453 21 1.88 2.26
102 47.59 0.511 19 2.04 2.77
110  56.59 0.533 21 2.05 2.26
103 6291 0.488 22 1.81 2.06
200 - - - - -
112 67.98 0.617 20 2.23 2.50
201  69.13 0.484 26 1.74 1.47
S5 100 31.73 0.414 23 1.74 1.89
002 34.46 0.413 23 1.72 1.89
101 36.20 0.444 21 1.84 2.26
102 47.54 0.511 20 2.04 2.50
110  56.59 0.532 21 2.04 2.26
103 6291 0.527 22 1.96 2.06
200 66.40 0.481 22 1.76 2.06
112 6793 0.607 20 2.20 2.50
201  69.18 0.465 21 1.67 2.26
Sy 100  31.73 0.411 23 1.72 1.89
002 34.46 0.431 22 1.80 2.06
101 36.20 0.408 23 1.69 1.89
102 47.54 0.456 22 1.82 2.06
110  56.64 0.471 25 1.81 1.60
103 62.86 0.463 26 1.72 1.47
200  66.29 0.700 17 2.56 3.46
112 6793 0.495 25 1.79 1.60
201 69.07 0.496 25 1.78 1.60
S, - - - 18.88 1.97 2.80 2.8128 5.2196
S, - - - 19.33 1.90 2.67 2.8117 5.2076
S5 - - - 21.44 1.88 2.18 2.8147 5.2272
Sy - - - 23.11 1.85 1.87 2.8174 5.1928

number of ZnO structure peaks indicates an increase in its
crystallinity. Similarly, the increase in the peaks intensity in
Fig. 1 also signifies this fact. However, the number of peaks
related to Zn crystal structure dwindled with an increase in
the oxidation time. The peak at 70.11 in Sample S; disap-
peared, indicating that Zn crystallinity was lower than that
of §; and S, Samples. The peaks related to the Zn structure
have disappeared in S, illustrating that all peaks belong to
the ZnO structure.

@ Springer

The comparison of the peaks positions showed that in
both ZnO and Zn structures no displacement occurred.
The crystallite size for single peaks of a sample to another
one did not have a significant variation. However, consid-
ering Fig. 1, the preferential growth direction of the sam-
ple has changed from (002) to (101). These changes are
also observed in the FWHM values. As the oxidation time
increased, the broadening of the peak (002) also increased
from 0.402 to 0.431 whereas it increased from 0.432 to
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Table2 Data extracted from Sample ikl 20 (degree) FWHM D (mm) ex107  6x107° (m™2) a=b(A) c(A)
X-ray diffraction spectra of
the samples (Zn as the guest S, 100 38.99 0345 29 1.41 1.19
structure) 101 4328 0299 33 1.21 0.91
102 54.36 0.345 30 1.33 1.11
103 70.11 0.406 33 1.44 0.91
S, 100 39.04 0.382 29 1.57 1.18
101 43.23 0.366 26 1.48 1.47
102 54.35 0.411 25 1.59 1.6
103 70.11 0.562 22 2.00 2.06
Sy 100 38.93 0.395 28 1.62 1.27
101 43.18 0.362 27 1.46 1.37
102 54.30 0.358 29 1.39 1.18
103 - - - -
Sy 100 - - - -
101 - - - -
102 - - - -
103 - - - -
S, - - 31.25 1.34 1.03 2.6558 4.8993
S, - - 25.5 1.66 1.57 2.6619 4.9635
S, - - 21 1.49 1.27 2.6690 4.9355
S, - - - - - - -

0.453 for peak (101) and then decreased to 0.408. With
these changes it can be concluded that the peak (101) in
Sample S, belonged to the Zn structure (corresponds to peak
(002)), where by increasing the heating time and improving
the oxidation process, the peak intensity reduced and then
increased as the ZnO peak. However, the average crystallite
size of ZnO NRs increased from 18.88 nm for Sample S, to
23.11 nm for Sample S, indicating a direct effect of heat on
the ZnO NRs crystallinity. As the heating time increased,
the sample oxidation improved, and the crystallinity in
direction (200) was added to the sample. These changes in
Zn structure occurred inversely. Thus, the average crystal-
lite size of the Zn structure decreased from 31.25 nm for
Sample S, to 21 nm for Sample S;. Finally, in Sample S,,
Zn structure disappeared, i.e. accomplishing the oxidation
process of Zn thin layer. The comparison of lattice strain val-
ues for (002) and (101) peaks showed that as the oxidation
time increased, the lattice strain increased and decreased,
respectively, indicating improvement and diminution in the
crystallinity in these directions. These variations confirm the
change of preferential growth direction. In addition, the aver-
age of lattice strain showed that enhancement of the heat-
ing time led to a reduction in lattice strain. Furthermore,
the dislocation density decreased with an increase in the
crystallite size. Lattice strain and dislocation density of Zn
structure increased, as expected, owing to the decrease in
crystallinity and crystallite size. The comparison of lattice
constants of ZnO structure showed that the a and ¢ con-
stants increased and decreased, respectively. These reveal

that when the oxidation time increases, the ZnO hexagonal
structure expands along the a-axis.

Figure 2 shows FESEM images of samples. In addition
to the limited number of ZnO NRs in Sample S1, there are
NRs in most of other locations which have started to grow.
Therefore, in this Sample, remarkable areas of the Zn layer
have not been oxidized yet. On the other hand, it confirms
that the peak at 36.00 in XRD spectrum of Sample S, is
related to Zn layer. As the oxidation time increases, ZnO
NRs grow in random directions and gradually become
compressed (S, and S;). Eventually, by improving the
oxidation process, ZnO NRs grow with a relatively good
order (S,).

Figure 3 illustrates histogram plots of ZnO NRs diam-
eter distribution. Despite distributing the diameter sizes in a
broad range (between about 20 and 80 nm) in Sample S, the
number of them is relatively limited indicating that the oxi-
dation process is incomplete. In Sample S,, not only the size
distribution of diameters has remarkably increased but also
the number of NRs with diameter size between 40 to 50 nm
has increased. This means that as the heating time increases,
the rate of oxidation, and subsequently ZnO NRs crystalliza-
tion, improves too. With an increase in the size distribution
of the diameters as well as the number of NRs with a specific
diameter, these changes continued in Sample S;. Finally, in
Sample S,, the NRs diameter distribution became more lim-
ited and the number of NRs with a specific diameter (about
40-70 nm) increased significantly, indicating a more crystal-
linity and high-regular growth of ZnO NRs.
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Fig.2 FESEM images of the samples

Table 3 shows ZnO NRs average diameter size for each
sample obtained from Gaussian fit of histogram plots. To
compare these results with those obtained from X-ray dif-
fraction spectra, the XRD crystallite size and a constant have
been listed in table too. As it can be seen, with an increase
in the oxidation process time, the diameter of ZnO NRs
increases too, indicating a progressive oxidation process
and formation of thicker NRs. By comparing the FESEM
and XRD results, it is concluded that an increase in the crys-
tallite size and lattice parameter a confirms enhancing the
diameter size obtained from FESEM analysis.
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Elemental analysis of samples was performed using
energy-dispersive X-ray spectroscopy. Figure 4 shows EDX
spectra of the samples. The tables in the Figure also specify
the atomic and weight percentages of each element in the
compound. In all samples, EDX data are related to two ele-
ments of Zn and O, i.e. zinc layer has been oxidized. It also
showed atomic ratio of Zinc in the range of 44-50% and
oxygen in the range of 50-56%. These results are very close
to the ratio expected for ZnO (1:1) [30, 31]. The comparison
of Zn and O atomic percentages in the samples indicates that
with an increase in the heating time, the oxidation process
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TabSIe 3 Reslult§ obta;ned froﬁ‘} Sample Average diameter size (nm) obtained  Crystalline size (nm) obtained Lattice
FESEM analysis (and crystallite from FESEM analysis from XRD analysis constant a
size and lattice constant a from A)
XRD measurement)

S, 45.7 18.88 2.8128

S, 48.5 19.33 2.8117

S3 54.8 21.44 2.8147

Sy 58.4 23.11 2.8174
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Fig.5 Raman spectra of the samples

Table 4 Room temperature frequencies of the first- and second-order
Raman spectra observed in ZnO NR samples

Frequency (cm™) 331 436 548

Raman mode E,(H)—E,L) E,(H) E,(LO)

is more complete and a higher percentage of Zn layer is oxi-
dized in agreement with XRD and FESEM analyses.

Raman spectra were recorded at room temperature to
further investigate the structure of samples (Fig. 5). The
optical phonons I’y in the wurtzite crystals are given by
Iy =1A,+2B,+ 1E; +2E, in which the modes Al and E1
are polar and are divided into transverse optical mode and
longitudinal optical mode. E2 mode includes E, (high) and
E, (low) frequency phonon modes. E, (low) is related to
the vibration of oxygen atoms and E, (high) is related to
heavy Zn sub-lattices. Also, B; (low) and B, (high) are not
active Raman modes [32, 33]. According to Fig. 5, ZnO NRs
peaks are seen at 331, 436, and 548 cm~!. The frequencies of
Raman active phonon modes are listed in Table 4.

Sharp characteristic peaks at 436 cm™! with high-inten-
sity related to E, (high) mode and Raman second-order
mode peak at 331 cm™! indicate that the samples have a
high crystalline wurtzite hexagonal phase [34]. The peak at
548 cm™! corresponds to ZnO nanorods E, (LO) mode due
to lattice defects including oxygen vacancy and interstitial
zinc [33-35]. Furthermore, the peak at 170 cm™! is related
to the glass substrate. As it can be seen, the peak intensity
at 548 cm™! decreases when the oxidation time increases
and eventually disappears in Sample S,, which means lat-
tice crystal defects decrease and the crystallinity increases,
which is in agreement with lattice strain changes in the XRD
analysis. In addition, when the heating time increases, the
peak intensity at 436 and 331 cm™! increase too, which indi-
cates that crystal quality of samples has increased. Since
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Fig.9 Plot of (ahv)? vs. hv to calculate band gap for samples S,-S,

peak at 436 cm™! was the main characteristic peak in all
samples, related FWHM values were measured and obtained
28, 24, 22, and 17 for the Samples S, S,, S5 and S, respec-
tively. The results showed that from S, to S,, the FWHM
decreased which can be attributed to the increase of NRs
diameter. Figure 6 shows the variation of FWHM of Raman
peak at 436 cm™! versus NRs diameter.

Figures 7 and 8 show optical properties including absorb-
ance and transmittance spectra of samples in a wavelength
range of 350-700 nm at room temperature. As it can be seen
in absorption spectra of samples in Fig. 7, an absorption
edge is observed around the wavelength of 372 nm. How-
ever, as the oxidation time increased, the optical absorp-
tion edge shifted to higher wavelengths (red shifts) due to
an increase in crystallite size of samples. In addition, by
increasing the heating time from S, to S, the optical absorp-
tion decreased, which is attributed to a reduction in the dislo-
cations density and an increase in crystallite size. However,
after 525 nm the optical absorption increased. These changes
were reversed in transmittance spectra (Fig. 8).

TAUC plots were used to calculate band gap energy of
samples. This way, using optical absorption spectrum of
samples, the ahv® was plotted versus hv, then the tangent
line was plotted on the linear region. The band gap energy
was obtained by dividing the tangent line on the graph in the
linear region and the hv axis at ah*=0 (Fig. 9) [36]. The
results showed that band gap energy in all samples were less
than that for the bulk ZnO (3.37 eV [37]). In addition, as the
oxidation time increased, band gap energy reduced, which
is attributed to the increase in diameter size of NRs and the
quantum confinement effects.

@ Springer

4 Conclusion

A thin layer of Zn was deposited by Thermal Evaporation
under an electric field. Then, Zn thin layer was exposed
to the air to prepare ZnO NRs. To investigate the effect of
oxidation time on ZnO NRs properties, Zn thin films were
exposed to the air for 2.5, 5, 7.5 and 10 h. ZnO NRs crystal
structure was investigated using X-ray diffraction spectra
which showed samples had a wurtzite hexagonal crystal
structure and as the oxidation time increased, the crystallite
size increased too. The surface morphology of samples was
recorded by scanning electron microscopy which showed
that with an increase in heating time, the NRs diameter
increased too. Energy-dispersive X-ray spectroscopy of sam-
ples clearly confirmed the presence of Zn and O with an
atomic ratio of 1:1. Room temperature Raman spectra con-
firmed the wurtzite hexagonal phase of samples and showed
that the crystallite size increased when the oxidation time
was added. Investigation of optical properties showed that
as the oxidation time increased, the absorbance and trans-
mittance decreased and increased, respectively. The band
gap energy of NRs also decreased with the heating time
increase, which is attributed to the increase of diameter size
and quantum confinement effects.
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