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ABSTRACT

This paper reports a tailored structure, morphology, optical behavior, and
growth evolution of catalyst-free ZnO nanostructures (ZONSs) synthesized on
quartz substrates using the wet thermal evaporation method. The as-prepared
samples were thoroughly characterized to determine the influence of varying
rates of Ar and wet O, gas flow (150, 250, and 350 sccm) on their overall
properties. Scanning electron microscopy (SEM) images revealed the formation
of high-quality ZONSs of various shapes, including nanowires, aligned nanor-
ods, and nanorods-like tetrapods with different dimensions. X-ray diffraction
(XRD) patterns displayed the most intense diffraction peak at (002), which was
attributed to the preferred growth orientation and crystallinity of such nano-
materials. Photoluminescence (PL) spectra showed an enhancement in the peak
intensity. The position of the ultraviolet emission peak of ZONSs was red-
shifted as the gas flow rate increased. Raman spectra exhibited the high-inten-
sity E2 and very weak (suppressed) E1L Raman mode for all samples, indicating
the accomplishment of good crystal quality in wurtzite hexagonal crystalline
ZONSs of the samples. Furthermore, the optimum flow rate for synthesizing
high-density, superior quality, and higher nanocrystalline ZONSs was found to
be 350 sccm. This work can contribute toward the development of the pro-
duction of various nano-optical devices.
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1 Introduction

The unusual physical and chemical properties of
various nanomaterials have attracted researchers’
attention in the field of science, technology, and
engineering. Recently, various semiconductor
nanostructures became interesting mainly due to
their unique electrical and optical useful attributes for
optoelectronic applications. These nanoscale mor-
phologies incorporate zero-dimensional (0D) nanos-
tructures (quantum specks and nanoparticles), 1D
nanostructures, including the nanotubes [1], nano-
wires [2], nanorods [3], nanobelts [4], nanocables [5],
nanoribbons [6], and 2D nanostructures (quantum
well and film). These nanostructures have intensively
been studied due to their fundamental scientific
importance and wusefulness in nanoelectronics,
nanomechanics, and to their flat panel displays.
Being a wide bandgap (3.37 eV) semiconductor, zinc
oxide (ZnO) is among the vital technological materi-
als and greatly prospective for shortwavelength
optoelectronic devices [7]. The 1D ZnO nanostruc-
tures (ZONSs) exhibit many novel properties due to
their quantum confinement effect and/or extremely
high surface-to-volume ratio. Several techniques,
such as chemical vapor deposition (CVD) [8],
enhancement of UV photoluminescence in ZnO tubes
grown by metal organic chemical vapor deposition
(MOCVD) [9], and modeling of the catalyst-free
growth process of ZnO nanowires [10] have been
employed to synthesize high-quality ZnO films.
Besides, the effects of growth conditions on the
structural properties of ZONSs deposited on sap-
phire substrate by metal organic chemical vapor
deposition have been studied [11]. Furthermore,
various techniques have been successfully employed
for the growth of ZnO nanowires. These include
chemical or physical vapor deposition, thermal
evaporation, magnetron sputtering, and a template-
based method. The controlled crystalline size, orien-
tation, and density of nanowires are the vital
parameters regarded as the basis for various appli-
cations [12]. Chien-Wei Huang et al. have reported
the effect of O,/Ar gas flow ratios on the properties
of cathodic vacuum arc deposited ZnO thin films on
polyethylene terephthalate substrate [13]. Moreover,
Rasheed et al. have also studied the effect of gas
sputtering flow rate on the sensitivity of multi-layer
(ZnO-Cu-ZnO) extended gate field effect transistor
[14]. Despite its facile and economic nature, thermal
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evaporation technique has not been widely explored.
This method could also be utilized to deposit oxides
having low melting, decomposition, or sublimation
point. More importantly, the quality of different
nanostructures can be customized by adjusting the
nature and rates of flowing gases and growth tem-
peratures and times.

Based on these advantageous features of the ther-
mal evaporation technique and the ZnO'’s potential-
ity, we prepared high-quality ZONS in the absence of
any catalysts. Nanostructures with various mor-
phologies, including ZnO nanowires (ZONWs),
aligned nanorods (ZONRs), and tetrapod-like
nanorods (ZOTNRs) were obtained and character-
ized at room temperature using various analytical
tools. In this process, the flow rate of Ar/O, gases
was varied to evaluate its influence on the structure,
morphology, and the optical characteristics of the as-
grown nanostructures. The results were analyzed
and discussed. Essential insight on the growth
mechanism of these nanostructures was underscored.

2 Materials and methods
2.1 Preparation of ZONSs

The thermal evaporation method (at 800 °C for
60 min) was used to synthesize ZONSs on quartz
substrate in which ultrafine Zn powder was evapo-
rated in the absence of any catalysts. Tube furnace
(Thermolyne type F-21100) with a 25 mm inner
diameter has been applied. The flow rate of Ar/O,
gases has been varied for controlling the morphology
of the studied ZONSs. First, quartz wafers (acted as
substrate) were cut into pieces of 1.2x1.2.cm
dimension. The substrates were then cleaned (ultra-
sonically) in acetone and isopropyl alcohol (IPA), and
followed by a distilled water rinse. Next, the cleaned
wafers were left to dry under nitrogen gas flow. Zn
powder (purity 99.99%, Alfa Aesar) was placed in a
ceramic (alumina) boat before being quickly posi-
tioned at the furnace’s center set at a temperature
(420 °C). Then the quartz substrate was kept above
the source (ceramic boat containing Zn powder) and
the temperature of the furnace was increased to
800 °C under different flow rate (150, 250-350 sccm)
of highly pure Ar gas and wet O,. During the growth
process, the growth parameters include furnace
pressure. In addition, the ratio of the Ar gas and wet
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O, was used as the carrier gas, and the total gas flow
rate for both the Ar gas and wet O, in the furnace was
fixed at 400 sccm using a mass flow rate controller
100—400 sccm. Then, the reactor flow rate ratio of Ar
and wet O, was varied from 150 to 350 sccm at 100
sccm intervals. The gas flow should be kept in the
laminar flow regime to achieve stable flow in the
furnace. For this reason, the furnace pressure used in
this work was reduced to achieve a stable flow and
reduce the pre-reaction. The three nanostructured
samples were prepared and designated as ZONS150,
ZONS250, and ZONS350.

2.2 Characterizations techniques

The as-grown ZONSs were characterized at room
temperature. The surface morphology and
microstructures of the prepared ZONSs were studied
using SEM, JOEL JSM-6460-LV. The SEM measure-
ments for the surface morphological studies were
achieved at (10 kV), while the crystalline structure of
the suggested ZONSs was estimated using a high-
resolution X-ray diffraction (HR-XRD) machine,
PANalytical X'pert Pro MRD. A Cu-Koa; source of
radiation (4 = 1.5406 A) was utilized to assess the
crystalline quality and the phase identification. Fur-
thermore, the optical properties of the as-grown
ZONSs were investigated at 25 °C using photolumi-
nescence (PL) and Raman scattering techniques. The
investigation was achieved using Jobin Yvon HR800-
UV Raman spectrometer equipped with helium
cadmium (He-Cd) laser (325 nm). The argon ion
laser (514.5 nm) was also utilized as the excitation
source for the PL and the Raman measurements at
room temperature. Moreover, the incident laser
power for the two measurements was 20 mW.
Finally, the thickness of the nanostructured films was
estimated using as the optical reflectometer, Filmet-
rics F-20.

3 Results and discussion
3.1 SEM analysis

Figure 1 shows the SEM images for all the samples
prepared at different flow rates of the gases. Sample
grown at 150 sccm (Fig. 1a) revealed dense ZONWs
with diameters ranging between 50 and 70 mm and a
length of more than 5 ym. The sample grown at 250
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sccm (Fig. 1b) displayed nucleation of strongly
aligned ZONRs of diameters ranging from 100 to
130 nm and a length of about 2 pm. Furthermore, the
sample grown at 350 sccm (Fig. 1c) disclosed the
existence of weakly aligned ZOTNRs of diameters
ranging from 120 to 150 nm and a length of 3.5 um.
The average diameters of the grown NWs/NRs were
found to increase with the rise in the flow rates of
Ar/wet O, gases. It could be observed that the
microstructures and morphologies of ZONSs were
appreciably influenced by the partial pressure of the
vapor phase and the gas flow rates. As such, it was
affirmed that the morphologies of the proposed
ZONSs could be desirably controlled by regulating
the flow rates of gas mixture (Ar + wet Oy).

It is worth mentioning that the possession of rough
surface morphology (shape, size, and geometry) in
the achieved ZONSs could play a significant role in
controlling their formation at the initial stage related
to the growth evolution. The observed shortening in
lengths and widening in diameters with the increase
in gas flow rate is attributed to the rough surface
morphologies of the ZONSs [15]. This evolution in
the morphology of ZONSs was majorly ascribed to
the mechanism of surface diffusion. It is known that
for a bulk crystalline system, the surface energy
minimization acts as the driving force for the pro-
gression of crystallinity. At equilibrium, a self-texture
is exhibited in the absence of any impact of epitaxy
between the film and the substrate. Therefore, the
film grows along the crystallographic plane parallel
to the surface, having minimum free energy (the
plane with the closest packing of atoms and the
maximum reticular density) [16]. Finely, the growth
rate decreased with increasing furnace pressure
because the thickness of the boundary layer increased
with increasing furnace pressure. The thicker the
boundary layer, the harder the diffusion of atoms
into the growing surface. By reducing the furnace
pressure, the gas flows on the sample surface became
more stable. The diffusivities of these gases increased
with decreasing chamber pressure and therefore the
growth rate increases [11]. The gas phase reaction
causes the generation of particles and results in a
high surface roughness of the sample. The gas flow
should be kept in the laminar flow regime to achieve
stable flow in the chamber. For this reason, the
chamber pressure used in this work was reduced in
order to achieve a stable flow and reduce the pre-
reaction [11].
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Fig. 1 SEM micrographs for
ZONSs samples prepared at
different flow rate of gases:

a 150 sccm, b 250 scem, ¢ 350
scem

3.2 XRD characterization

Figure 2 displays the gas flow rate-dependent XRD
pattern of the as-synthesized ZONSs, which com-
prises few characteristic sharp peaks assigned to the
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Fig. 2 XRD patterns for ZONSs samples prepared at different
flow rate of gases: a 150 sccm, b 250 scem, ¢ 350 sccm
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observed diffraction peaks have been indexed to
wurtzite (hexagonal) structure related to ZnO lattice
(JCPDS card, No. 80-0074), in the absence of any
impurity phase. The observed diffraction peaks of
ZONSs (100), (002), and (110) corresponded to the
wurtzite (hexagonal) crystal structure of the ZnO
lattice planer orientations. For all the samples, the
appearance of an intense diffraction peak at (002) is
due to the preferred growth orientation of ZONSs
along the crystallographic c-axis (perpendicular to
the substrate) of ZnO lattice. Additionally, the ZONS
350 sample grown at the gas flow rate of 350 sccm
depicted higher (002) peak intensity, which indicates
its higher crystallinity. Thus, the flow rate has a sig-
nificant effect on the crystallinity of ZONS which
involved the mechanism of nucleation and growth.
The XRD data were further analyzed to evaluate
the lattice parameters (2 and ¢) and the average grain
size (D) of grown ZnO nanocrystallites with different
morphologies. The most intense (002) peak was used
in this regard. Scherrer formula D = kA/(f cost) was
used for the evaluation [17]. Where k represents a
constant, equal to 0.90, / represents the incident X-ray
wavelength, and f represents the full width at half
maximum (FWHM) of the intense XRD peak. The
average value of D was about 30.2, 38.4, and 40.5 nm
for the ZONSs grown at the gas flow rates of 150, 250,
and 350 sccm, respectively. It could be observed that
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the values of D increased with the increase in the gas
flow rate. The (002) diffraction peak position of the
deposited ZONSs was shifted to higher angles from
34.4278° to 34.4694° with the increase in the gas flow
rates from 150 to 350 sccm.

As shown in Fig 3, the values of 4, c and D attained
maximum at 350 sccm. The attainment of slightly
higher values of the lattice parameter ¢ for all the
samples (Table 1) compared to the bulk ZnO value
(0.52065 nm) could be attributed to the existence of
tensile lattice strain in the film containing ZONWs,
ZONRs, and ZOTNRs. Furthermore, the strain was
discovered to be enhanced by increasing the flow
rate. This result is in agreement with a previous
report wherein the ZnO films grown at different flow
rates were shown to possess a compressive strain
[18]. Likewise, the observed shift in the diffraction
peak position toward higher angles with the increase
in the gas flow rates suggested the generation of
residual compressive stresses in the as-grown films
containing ZONSs. Tsao et al. have also acknowl-
edged the diffraction peak position shift toward
a higher angle with the enlargement of grain diam-
eter in ZONSs [19]. A positive mismatch in the lattice
parameters of ZONSs produced a tensile strain, while
a negative mismatch generated a compressive strain.
Consequently, these strains created residual stresses
in the crystal lattice as well as at the substrate inter-
face. With the increase in film thickness at higher
flow rates, the degree of tensile strain was also
increased which in turn extended the lattice param-
eters a and c as well as enlargement of D.

] Mater Sci: Mater Electron (2020) 31:17422-17431

3.3 PL spectra

The peak intensity (Fig.4) was enhanced, and
the position of the UV emission peak of the as-pre-
pared ZONSs was red-shifted (toward higher wave-
length) with the increase in gas flow rate. The
appearance of a relatively sharper peak at a lower
wavelength (in the range of (272-388 nm) has been
attributed to the near band-edge emission (NBE)
while the broader visible one (518-520 nm) is due to
the deep-level emission (DLE). The NBE UV emission
transition was due to the recombination of free exci-
tons via exciton—exciton collision [20, 21].

The lowest intensity of the green emission peak (at
520 nm) is observed for the sample grown at 350
sccm. There is no consensus about the exact origin of
the green emission, although it is believed that this
peak originates because of electronic transitions from
shallow donors states to the Zn vacancies [22]. Fur-
thermore, some researchers related the origin of this
green emission peak to the occurrences of native
point defects like the zinc vacancies (Vz,) or oxygen
vacancies (Vo) [23]. As mentioned, by adjusting the
gas flow rates the concentration values of the Zn and
O vapors may be controlled; therefore, the zinc and
oxygen vacancies can be manipulated to get PL
intensity enhancement through the customization of
growth morphology [24]. Thus, the optical bandgap
of the ZONSs can be tuned, which is a useful
parameter for the optoelectronic devices. Above all,
the PL spectral peak position can be modified by
adjusting the gas flow rate. The value of FWHM of
the NBE PL peak was enlarged from 18.3 to 38.7 nm
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Fig. 3 Gas flow rate-dependent variation for the lattice parameters and the thickness of the nanostructured thin films, respectively
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Table 1 Estimated values of

a, ¢, D, the intense (002) XRD Samples (002) peak position (°) aA) c(A) D (nm) Film thickness (im)
f’lfiil;fe":;téofihinglﬁe ZONSIS0  34.4278 32513 52110 302 1.2
.. ZONS250 34.4546 3.2517 5.2112 38.4 2.5
containing ZONSs ZONS350  34.4694 32537 52115 405 3.4
well as a complete absence of green emission peak)
10000 () ZON§330 compared to ZONWs and ZONRs deposited at lower
gas flow rates. The realization of high-quality ZONSs
8000 + over the wide area indicated their effectiveness in
- optoelectronic applications.
& 6000 1 The obtained PL peak shift and broadening in the
2 (b) ZONS250 FWHM indicate a widening in the optical band-
§ 4000 - (a)ZONS150 gap, hence, reduction in the nanocrystallite size. The
E i higher shift in the PL peak position was attributed to
2000 the effect of charge carrier quantum confinement. It
indicated the stronger confinement of nanocrystal-
0 - lites in lower dimensional structures, causing a

300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 4 Gas flow rate-dependent recorded PL spectra of the
ZONSs, which consisted of two broad peaks

when the gas flow rate was increased from 150 to 350
sccm (Table 2). This observation was majorly attrib-
uted to the effects of strong quantum confinement
and improvement in the crystallinity of the proposed
ZONSs.

The observed red-shift in the NBE peak position
was attributed to the effect of tensile strain in the
nanostructured film (Table 2). Generally, the ratio of
UV to DLE peak intensity is regarded as the major
factor for comparing the alteration in the optical
properties among different ZONSs deposited with
varied gas flow rates. The ratios were 1:0.7, 1:1.2, and
1:13.1 for the samples deposited at the gas flow rates
of 150, 250, and 350 sccm. Meanwhile, the achieved
optical quality of the ZOTNRs grown at a flow rate of
350 sccm was higher (no defects and vacancies as

Table 2 NBE PL spectral peak position of all the ZONSs grown
at different gas flow rate

Sample NBE peak position ~ FWHM (nm)  Peak shift
(nm) (nm)
ZONS150 3723 18.3 42
ZONS250  387.8 342 19.8
ZONS350 3855 38.7 17.5

higher recombination probability of electrons and
holes. Consequently, the emission efficiency was
enhanced, and physical properties were improved
due to the lowering in the dimension of ZONSs and
evolution in the morphology. In general, when
the nanosystem size becomes larger than a certain
characteristic length scale its properties approach to
that of the bulk counterpart. Conversely, when the
system size is smaller than or comparable to a char-
acteristic length scale, its properties are decided by
the nature of quantum confinement, morphology,
and surface states [25, 26].

3.4 Raman spectra

The Raman data were used to determine the presence
of various bonding vibrations (phonon modes from
the functional groups), crystal perfection, and struc-
tural defects. The wurtzite-type ZnO belonged to
space group symmetry of C*(P63mc) with 2 formula
units in primitive cell. Raman spectra are highly
sensitive to crystal quality and structural defects. The
disorders related to grown products have been
evaluated by the nature of detected phonon modes.

With a wurtzite hexagonal structure, ZnO belongs
to the C}, space group and 8 sets of the optical
phonon modes at I' symmetry point in Brillouin zone
are categorized as A; +2B; + E; +2E; modes (Ra-
man active), 2B; modes (Raman silent), and A; + E;
modes (infra-red active). The E; mode being a polar
mode was split into two branches called transverse
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optical (TO) and longitudinal optical (LO) modes
[27].

The observed characteristic peaks of the wurtzite
ZnO hexagonal phase were assigned (Fig. 5) to the
EzH—EzL, A](TO), E](TO), EzH, A](LO) and E](LO)
[28]. As shown in (Table 3), the low-frequency mode
E, (Low) that generally appears at 101 cm™" due to
the Zn sublattice vibration was not observed,
whereas high-frequency mode E, (high) involving
vibrations of oxygen atoms only as evidenced [29].
Furthermore, the induced stress in the wurtzite
crystal could affect the E, phonon frequency, an
indicator of stress induced vibration in the lattice.
The obtained increment or decrement in the E, pho-
non frequency is due to compressive or tensile stress
in the lattice of ZONSs. The occurrence of sharp,
strong, and dominant E, (high) peak centered at

] Mater Sci: Mater Electron (2020) 31:17422-17431

438.2, 438.5, and 439.3 cm™' corresponding to the
ZONS150, ZONS250, and ZONS350 samples clearly
indicated intrinsic characteristic phonon vibration of
the Raman active mode in wurtzite hexagonal ZnO
crystal [30]. Irrespective of the gas flow rates, the
peak of E;H mode in the present ZONSs revealed a
blue shift compared to the bulk ZnO value of
437 cm ™! [29], which was attributed to the effects of
optical phonon confinement, laser induced heating,
and/or defects/impurities assisted phonon localiza-
tion in the nanostructures. Additionally, anisotropic
internal strains which correspond to different direc-
tions of growth might have also contributed to this
blue shift, and these results are in accordance with
the presented XRD data.

The presence of the high-intensity E, and very weak
(suppressed) E;L Raman mode for all the samples

Fig. 5 Gas flow rate-

dependent Raman spectra 800 = EH (c) ZONS350
(under the argon ion laser " ’
excitation of wavelength 700 = \’ (b) ZONS250
514.5 nm) of the synthesized "
600 =

ZONSs

Intensity (cps)

(a) ZONS150

Ll L L) L
300 400 500 600 700

Wavenumber (cm’)

Table 3 Flow rate-dependent Raman peak position and the intensity of the as-grown ZONSs

Samples Assignments of peaks E(LO) A (TO) E(TO) E,H Peak shift of E,H (cm™")
ZONS150 Peak position (cm™") 583.5 379.4 409.4 438.2 1.2
Intensity (a.u.) 40 40.11 38.8 107.295
ZONS250 Peak position (cm™") 582.6 381.6 410.5 438.5 1.5
Intensity (a.u.) 120.5 144.5 141.5 635.422
ZONS350 Peak position (cm™") 583.6 382.144 411.061 439.3 2.3
Intensity (a.u.) 219.6 231.5 222.5 791.622

@ Springer



J Mater Sci: Mater Electron (2020) 31:17422-17431

indicated the accomplishment of good crystal quality
in wurtzite hexagonal crystalline ZONSs. In general, it
is accepted that the existence of E;(LO) mode has been
associated with the formation of defects in ZnO.
Consequently, detected E;(LO) peak at 583.5, 582.6,
and 583.6cm ' for ZONSI50, ZONS250, and
ZONS350, respectively, indicated its emergence due to
the existence of defects from O vacancies, Zn intersti-
tials or their complexes and free carriers [31]. This
observation in sequence could support the disclosure
of the defect level-induced visible PL emission band of
the produced ZONSs. In short, all these factors con-
trolled by the gas flow rates could appreciably influ-
ence the optical properties of the grown ZONSs.
Meanwhile, the revelation of the three weak Raman
peaks centered at 330, 410, and 381.5 cm™! related to
E,H-E;L, E«(TO), and A;(TO)modes, respectively,
could be attributed to the multiphoton scattering
process in the grown ZONSs [32]. However, these
modes were utterly absent in ZONS150 sample.

The structural properties of ZONSs obtained from
the Raman spectral analyses were supported by the
XRD and SEM results. The intensity of E;H peak for
ZONS350 sample containing ZOTNRs is reasonably
higher compared to the other samples. This indicates
an improved degree of crystallization in the former
[33]. In fact, the PL spectral analyses also showed
higher crystallinity in the sample containing ZOTNRs
(prepared at 350 sccm) than the one containing
ZONWs (at 150 sccm) and ZONRs (at 250 sccm).
Besides, the observed blue shift in the E,H Raman
peak (from 1.2 to 23 cm™') in the present ZONSs
(compared to the bulk ZnO) with the increase in gas
flow rate (from 150 to 350 sccm) clearly verified the
presence of compressive stress and defects in the
ZnO film containing diverse morphologies. The
stimulation of maximum and minimum compressive
stress effects in the ZONGSs was characterized by the
observed slight shifts in the UV PL emission peak.
This compressive stress was mainly originated from
the lattice mismatch between the substrate and
ZONSs.

The Raman spectra were accompanied by a strong
Iuminescence emission background corresponding to
green wavelength. The green PL emission from
ZONSs was originated from the above bandgap
excitation. According to Vanheusden et al., this visi-
ble emission can be due to recombination of the
electrons in signally occupied oxygen vacancies with
photoexcited holes in valence band [34]. Even though
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the nature of green PL emission remains controver-
sial, it has been majorly verified that the oxygen
vacancies have been causing emission. Alternatively,
the presence of many intrinsic and surface defects in
ZONSs may lead to the distribution of the levels of
the surface energy, which forms the surface energy
band. Consequently, the sub-bandgap excitation at
488 nm can induce the excitation of surface states
thus producing the green PL emission [22]. In short,
the morphology and the growth evolution in the
ZONSs are correlated to their optical behaviors.

4 Conclusion

The high-quality ZONSs with various morphologies
such as NWs, aligned NRs, and TNRs were deposited
on quartz substrates by a simple thermal evaporation
approach devoid of any catalyst. The Ar/wet O2 gas
flow rate was varied from 150 to 350 sccm at the
growth temperature of 800 °C. The impact of altering
gas flow rates on the growth evolution, structure,
surface morphology, and PL emission characteristics
of deposited ZONSs was examined. It was shown
that the partial pressure of wet oxygen played a vital
role in the growth mechanism of wurtzite hexagonal
ZONSs wherein the nucleated Zn droplets from
the vapor phase initiated the growth. The diameters
of the ZONWs/ZONRs were increased and the
lengths were shortened with the increase in the gas
flow rate. Compared to the ZONWSs deposited at
a lower flow rate of 150 sccm, the ZONRs and
ZOTNRs grown at a higher flow rate achieved better
crystal quality in terms of crystallinity, density, and
structural compactness. The PL and Raman spectral
analyses of the obtained ZONSs exhibited high opti-
cal efficiency and crystallinity. Fundamental insight
into the gas flow rate-induced growth mechanism of
ZONSs was presented. Thus, the proposed ZONSs
film containing varied morphologies may contribute
toward the development of efficient optoelectronic
devices including ultraviolet lasers and gas sensors.
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