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Preface to ”Functional Oxide Based 
Thin-Film Materials”

Functional oxide-based thin-film materials are extraordinary multifunctional crystals with 
a huge range of emerging application domains, including as sensors, displays, light emitters, 
photovoltaics, nanotechnology, spintronics, piezoelectric motors, biotechnology, capacitors, 
transparent electronics, and next-generation memories. These materials served as the original 
inspiration for the Special Issue “Functional Oxide-Based Thin-Film Materials”. Functional oxide 
crystals have numerous favorable properties, including good transparency, high conductivity, 
wide bandgap, and strong luminescence. Thin-film oxide materials have been successfully grown 
on various substrates by hydrothermal, sol–gel, chemical bath deposition, sputtering, atomic 
layer deposition, pulsed laser deposition, chemical vapor deposition (CVD), hot filament CVD, 
plasma-enhanced CVD methods, among others. A number of breakthroughs over the recent years 
have driven an exponential increase in the research activity in this field. For this Special Issue 
“Functional Oxide-Based Thin-Film Materials”, specialists working with device applications came 
together to shed light on the properties and behavior of thin-film oxides. This collections of papers 
covers many aspects of thin-film science and technology, from thin film to nanostructure and from 
material properties to optoelectronic applications, thus reflecting the numerous varied interests of 
the community of scientists active in this field.

Dong-Sing Wuu

Special Issue Editor
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Protective oxide coatings, such as Al2O3 and Y2O3 coatings, are widely used in semiconductor
industries because of their hardness, high wear resistance, dielectric strength, high corrosion resistance,
and chemical stability for plasma chambers [1]. Thin-film oxide barrier coatings with ultra-low
permeation also received much attention in the industries of pharmaceuticals, food, beverage packaging,
and organic light-emitting display applications [2]. Besides these protective functions, the oxide
thin-film materials and nanostructures are extraordinary multifunctional crystals with a huge
range of emerging application domains, such as sensors, displays, light emitters, photovoltaics,
spintronics, piezoelectric motors, biotechnology, capacitors, transparent electronics, and next-generation
memories [3]. These become the original motivation for proposing this Special Issue—Functional
Oxide-Based Thin-Film Materials.

The functional oxide crystal has several favorable properties, including good transparency,
high conductivity, a wide bandgap, and strong luminescence. Thin-film oxide materials have been
grown on various substrates by hydrothermal, sol–gel, chemical bath deposition, sputtering, atomic
layer deposition, pulsed laser deposition, chemical vapor deposition (CVD), hot filament CVD,
plasma-enhanced CVD, etc. A number of breakthroughs over the past few years have driven an
exponential energy in the research activity of this field.

This Special Issue on Functional Oxide-Based Thin-Film Materials aims at gathering together
some of the specialists working with device applications, to shed light on the properties and behavior
of thin-film oxides. The papers cover many aspects of thin-film science and technology from thin film
to nanostructure, from material properties to optoelectronic applications, thus reflecting the many
interests of the community of scientists active in the field.

Gallium oxide, a wide bandgap material, has received much attention in several possible
applications. In [4], Lin and co-workers report the porous GaN layers surrounding the mesa region were
transformed into insulating GaOx layers in a reflector structure through a lateral photoelectrochemical
(PEC) oxidation process. The electroluminescence emission intensity was localized at the central mesa
region by forming the insulating GaOx layers in a reflector structure as a current confinement aperture
structure. The PEC light-emitting device structure with a current-confined aperture surrounded by
insulating GaOx layers has the potential for InGaN resonance cavity light source applications. In [5],
Wuu and co-workers report the synthesis and characterization of gallium oxide (Ga2O3) thin films
fabricated on glass substrates using a combination of chemical bath deposition and a post-annealing
process. The nanocrystalline α-Ga2O3 films obtained from GaOOH after annealing showed the
photodegraded 90% of the methylene blue in a solution irradiated under an ultraviolet lamp for 5 h.
These results suggest that α-Ga2O3 thin films can be very useful alternatives for the photocatalytic
degradation of dyes during wastewater treatment.

Zinc oxide (ZnO) is a versatile and inexpensive semiconductor with a wide direct band gap that
has applicability in several scientific and technological fields. In [6], Amakali and co-workers report the
synthesis of ZnO thin films via two simple and low-cost synthesis routes, i.e., the molecular precursor
method and the sol–gel method, which were deposited successfully on microscope glass substrates.

Crystals 2020, 10, 195; doi:10.3390/cryst10030195 5 www.mdpi.com/journal/crystals1
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In [7], Díaz-Becerril et al. have investigated the tantalum-doped ZnO structures synthesized on silicon
substrates by using a hot filament chemical vapor deposition reactor. Green photoluminescence (PL)
was observed by the naked eye when Ta-doped samples were illuminated by ultraviolet radiation and
confirmed by photoluminescence spectra. The PL intensity on the Ta-doped ZnO increased from those
undoped samples up to eight times and the resistivity and the sheet resistance also decrease when
there is a greater amount of tantalum in the film.

An interesting investigation into the series of nanometer scale (33–70 nm) HfO2 thin films grown
on Si substrates under different conditions by atomic vapor deposition (AVD) is reported by Feng et al.
in [8]. The comprehensive studies demonstrate that appropriate substrate temperature and oxygen
flow are essential to the structure, chemical composition, and optical constants from the surface and
interface of the HfO2 films deposited by AVD. This work with integrated experiment measurements
and analyses has enhanced our understanding of AVD-grown HfO2 advanced materials.

An entirely different perspective on thin film oxides is presented by Chang and Chan. In their
paper, [9], they investigated the heavily doped wide band gap semiconductors like aluminum-doped
zinc oxide (AZO) and tin-doped indium oxide (ITO) for low emissivity glass (low-e glass), which is
often used in energy-saving buildings. The emissivity and average visible transmittance for H2/N2 =

100/100 plasma annealed AZO/ITO were 0.07% and 80%, respectively, lying in the range of commercially
used low emissivity glass.

Supercapacitors, excellent energy storage devices, can effectively alleviate the current energy
crisis. Based on their obvious advantages, such as simple design, high-power density, a long cycling
lifetime, and a short charge/discharge rate, supercapacitors have attracted much research interest in
recent years. Zheng and co-workers in [10] have synthesized a NiO@ZnO (NZO) hybrid with different
reaction times by a green hydrothermal method. A highest energy density of 27.13 Wh kg−1 can be
achieved at a power density of 321.42 W kg−1. These desirable electrochemical properties demonstrate
that the NZO hybrid is a promising electrode material for a supercapacitor.

Finally, we also presented a contribution concerned with a review article, using 1D zinc oxide
(ZnO) as a representative nanomaterial [11]. This article reviews the fabrication methods of 1D ZnO
nanostructures—including chemical vapor deposition, hydrothermal reaction, and electrochemical
deposition—and the influence of the growth parameters on the growth rate and morphology. Important
applications of 1D ZnO nanostructures in optoelectronic devices are described. Several approaches to
improve the performance of 1D ZnO-based devices, including surface passivation, localized surface
plasmons, and the piezo-phototronic effect, are summarized.

To conclude, I believe that this Special Issue on Functional Oxide-Based Thin-Film Materials
touches on the latest advancements in several aspects related to material science: the synthesis of novel
oxide, photoluminescence characteristics, photocatalytic ability, energy storage, light emitter studies,
low emissivity glass coatings, and investigations of both nanostructure and thin film properties. I wish
to express my deepest and sincere gratitude to all authors who contributed, for having submitted
manuscripts of such excellent quality. I also wish to thank the Editorial Office of Crystals for the
fast and professional handling of the manuscripts during the whole submission process and for the
help provided.

Conflicts of Interest: The authors declare no conflict of interest
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Abstract: Zinc oxide (ZnO) is a versatile and inexpensive semiconductor with a wide direct band gap
that has applicability in several scientific and technological fields. In this work, we report the synthesis
of ZnO thin films via two simple and low-cost synthesis routes, i.e., the molecular precursor method
(MPM) and the sol–gel method, which were deposited successfully on microscope glass substrates.
The films were characterized for their structural and optical properties. X-ray diffraction (XRD)
characterization showed that the ZnO films were highly c-axis (0 0 2) oriented, which is of interest
for piezoelectric applications. The surface roughness derived from atomic force microscopy (AFM)
analysis indicates that films prepared via MPM were relatively rough with an average roughness (Ra)
of 2.73 nm compared to those prepared via the sol–gel method (Ra = 1.55 nm). Thin films prepared
via MPM were more transparent than those prepared via the sol–gel method. The optical band gap
of ZnO thin films obtained via the sol–gel method was 3.25 eV, which falls within the range found
by other authors. However, there was a broadening of the optical band gap (3.75 eV) in thin films
derived from MPM.

Keywords: zinc oxide; molecular precursor method; crystallite size; optical band gap

1. Introduction

Zinc oxide (ZnO) is one of the most widely researched semiconductor oxides, owing to its
many versatile and attractive properties, such as high chemical and thermal stability, non-toxicity [1],
ease of preparation, tunable direct wide band gap (3.4 eV), and high transparency in the visible
region [2]. These properties saw ZnO thin films fabricated for various industrial applications, e.g., in
optoelectronic devices [3], lasers, gas sensors, and ultraviolet (UV) light emitters [4], and as protective
surface coatings [5]. ZnO plays important roles in a number of solar cell systems, such as silicon-based
solar cells (first-generation), thin films (second generation), and organic multi-junction, dye-sensitized
(third-generation) systems, either as a transparent conductive oxide (TCO) or as a junction for exciton
separation [6].

Several techniques were proposed for the fabrication of ZnO thin films to modify its optical
properties, including both physical and chemical processes. Physical methods include sputtering
techniques [7–9], pulsed laser deposition [10], and molecular beam epitaxy (MBE) [11]. However,
these methods are often complex and require costly vacuum equipment. In contrast, ZnO thin
films can also be prepared via chemical methods, such as chemical bath deposition [12], chemical

Crystals 2020, 10, 132; doi:10.3390/cryst10020132 www.mdpi.com/journal/crystals5
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vapor deposition [13], atomic layer deposition [14], spray pyrolysis [15], printing [16], sol–gel spin
coating [17], and electrochemical deposition [18], which are simpler methods and generally less costly.
The conventional sol–gel method is often preferred over other chemical methods, due to its simplicity,
lower crystallization temperature, and compositional control [19].

Structural and optical properties of ZnO thin films prepared via the sol–gel technique, using a
variety of inorganic and organic precursors under different deposition conditions, were reported in the
literature [20–22]. Post-heat treatment is one of the factors that plays a crucial role in the structural
and optical properties of the ZnO thin films through the modification of their crystallinity and surface
roughness. Thermal gravimetric and differential thermal gravimetric analysis (TGA/DTA) of ZnO
gelatum by Meng et al. [23] showed that annealing the gel at 500 ◦C ensured complete removal of all
the hydroxyl bonds and residues of organic matter. Chaitra et al. [24] investigated the role of annealing
temperature (300, 400, and 500 ◦C) on the structural and optical properties of sol–gel-derived ZnO thin
films. Thin films annealed at 500 ◦C showed tensile stress and a preferential orientation toward the (0 0
2) plane along the c- axis. Raoufi and Raoufi [25], using the same heat treatment conditions, obtained
dense ZnO thin films with a (0 0 2) preferred orientation that was enhanced at 500 ◦C. Other authors
reported similar observations [26,27]. In these studies, the authors reported that an increase in the
annealing temperature reduced the full width at half-maximum (FWHM), increased grain size and
crystallite size, and, as a result, increased the surface roughness. An increase in annealing temperature
also decreased the optical band gap. However, cracking of the thin films during the annealing step
remains a challenge, whereas the presence of interfaces within the thin films during drying can cause
a reduction in the optical transparency [28]. It is, thus, important to explore other facile fabrication
methods to overcome some of these challenges, and we, therefore, explored the fabrication of ZnO
thin films using the molecular precursor method (MPM), which is a wet chemical process for the
preparation of metal oxide thin films [29,30]. MPM, unlike the sol–gel method, is based on the use
of metal complexes in coating solutions that are known to have excellent stability, homogeneity, and
miscibility, owing to the metal complex anions which have better stability and can be dissolved in
volatile solvents by combining them with the appropriate alkylamines [31].

The molecular precursor method (MPM) was employed successfully in the fabrication of
copper oxides [31], as well as homogeneous and crack-free titania thin films [32]. Mashiyama
and co-workers [33] reported the successful fabrication via MPM of Mg–Zn–O thin films, which
exhibited good properties for applications as near-infrared UV-transparent electrodes for GaN-based
UV-light-emitting diodes (LEDs). In 2012, Taka and co-authors [34] reported the use of MPM in
the fabrication of composite ZnO thin films with dispersed Ag for application in GaInN blue LEDs.
However, to the authors’ knowledge, to date, there are no reports on the fabrication and optical
properties of pure ZnO thin films using the molecular precursor method.

In the present work, we report the growth of ZnO thin films on microscope slide substrates
fabricated via the sol–gel method and MPM, as well as the investigation of their structural properties,
surface morphology, and optical properties through X-ray diffraction (XRD), atomic force microscopy
(AFM), and UV/visible light (Vis) spectra. Depending on the observed properties, the thin films thus
fabricated could find application as sensors and catalysts, or in solar cells.

2. Materials and Synthesis Methods

2.1. Materials

Ethylenediaminetetraacetic acid (EDTA), zinc acetate dihydrate Zn(CH3COO)2.2H2O,
2-methoxyethanol, monoethalamine (MEA), absolute ethanol, and methanol were all purchased
from Merck, Darmstadt, Germany. All reagents were of analytical grade and used without further
purification. Microscope glass slides (26 mm × 38 mm) from B&C, Germany, were used as substrates
for the deposition of ZnO thin films.

6
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2.2. Synthesis of ZnO Thin Films

2.2.1. Preparation of Precursor Solution for Fabrication of ZnO Thin Film Using Sol–Gel Method

The Zn precursor solution (0.4 M) was prepared according to the procedure of Khan et al. [22]
with modifications. The procedure used zinc acetate dihydrate, a 1:1 ethanol–methanol mixture, and
dibutylamine as the Zn source, solvent, and stabilizer, respectively. The weight ratio of zinc acetate
dihydrate to dibutylamine was fixed at 1.0. The solution was then stirred for 2 h at 50 ◦C and aged for
24 h at room temperature. This procedure yielded a light-yellow homogeneous viscous gel.

2.2.2. Preparation of Precursor Solution for Fabrication of ZnO Thin Films Using MPM

The procedure was based on the method of Sato et al. [29] with modifications. A Zn
precursor solution (0.4 M) was prepared using EDTA, zinc acetate dihydrate, 2-methoxyethanol,
and monoethanolamine as a complexing agent, Zn source, solvent, and stabilizer, respectively.
The mole ratio of zinc acetate dihydrate to EDTA was 1:1, while it was 1:2.45 for monoethanolamine.
In this procedure, EDTA was dissolved in 2-methoxyethanol and monoethanolamine was added; then,
the solution was refluxed with constant stirring at 55 ◦C for 30 min. The solution was cooled to room
temperature and zinc acetate dihydrate was added. The solution was refluxed further at 65 ◦C for 2 h,
and a clear orange solution was obtained.

2.3. Film Fabrication by Coating and Heat Treatment

Firstly, 200 μL of the precursor solutions obtained from the MPM and the sol–gel routes were
spin-coated onto pre-cleaned glass microscope slides using a double step mode, first at 500 rpm for 5 s
and then at 2500 rpm for 30 s. The films were dried in a preheated oven at 150 ◦C for 10 min. The
coating and drying steps were repeated up to 10 times to improve the thickness of the films. The thin
films were then annealed at 500 ◦C for 1 h. Earlier studies demonstrated that annealing temperatures
of around 500 ◦C generally result in the formation of well-crystallized metal-oxide thin films [20–22].

2.4. Characterization of ZnO Thin Films

The crystal structure of the fabricated ZnO thin films was investigated using a Bruker D8 Advance
X-ray diffractometer (XRD) with CuKα radiation λ = 1.5402 Å. The surface morphology and topography
were evaluated with a Bruker Dimension Edge atomic force microscope (AFM) with ScanAsyst TM
and the Hitachi S4800 FE-SEM. The optical transmittance was measured on a Perkin-Elmer Lambda
750 UV-Vis/near-infrared (NIR) spectrophotometer in the range of 300 nm to 700 nm.

3. Results and Discussion

3.1. Crystal Structure and Particle Size

Figure 1 shows the XRD patterns of ZnO thin films on the microscope glass prepared via the
MPM and sol–gel methods. The XRD spectra of sol–gel-derived thin films indicate the presence of
three dominant peaks, corresponding to diffraction planes of (1 0 0), (0 0 2), and (1 0 1), showing the
growth of ZnO crystallites along different directions. The peaks correspond to those of the standard
ZnO (JCPDS 36-1451), and the typical hexagonal wurtzite structure was, therefore, inferred for the thin
films from the XRD patterns. In this study, the baseline was not horizontal due to the amorphous glass
substrate used. O’Brien et al. [26] observed a similar broad feature between 20◦ and 40◦, which was
attributed to the amorphous nature of the glass substrate used. Only the (0 0 2) peak was observed for
the MPM-derived thin films, which is the kinetically favored orientation along the c-axis [35].

It was reported that, in ZnO, unlike thin films synthesized using short-chain alcohols such as
ethanol, films synthesized using solvents with high boiling points (e.g., 2-methoxyethanol) show a
very strong preferential orientation along the (0 0 2) plane [36–38]. This finding was attributed to the
slow evaporation of high-molecular-weight alcohol upon heating, allowing structural orientation of
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the film before crystallization. In addition, this preferential orientation observed for ZnO grown on an
amorphous glass substrate is due to the presence of non-bridging oxygen atoms in the glass substrate
which assist the growth of ZnO along the (0 0 2) plane [39]. The (0 0 2) diffraction peak was widely
observed as a preferred orientation in solution-grown ZnO [40,41], and the appearance of the (0 0 2)
diffraction peak suggests that the surface free energy of this plane is the lowest both in the sol–gel- and
in the MPM-fabricated ZnO thin films, thereby resulting in its preferred orientation.

Figure 1. X-ray diffraction (XRD) patterns of ZnO fabricated via molecular precursor method (MPM)
and sol–gel method.

The crystallite size (D) was estimated from the Debye–Scherrer equation.

D =
0.9λ
βcosθ

(1)

where D is the crystallite size, λ (1.5418 nm) is the wavelength of the incident X-ray beam CuKa, β is the
full width at half-maximum, and θ is the Bragg diffraction angle. The evaluated structural parameters
of the thin films synthesized via the two methods are presented in Table 1. The line broadening at half
the maximum intensity (FWHM) was relatively large (4.535 × 10−3 rad) in thin films obtained from the
MPM compared to those obtained from the sol–gel method (3.664× 10−3rad).

Table 1. Structural parameters of ZnO thin films prepared via two different synthesis routes.
FWHM—full width at half-maximum.

Parameter MPM Sol–Gel

2θ (◦) 34.66 34.52
FWHM β (×10−3 rad) 4.535 3.664
Crystallite size D (nm) 32.00 39.60

Dislocation density δ (×1014 lines/m2) 9.77 6.38
Strain ε (×10−3) 1.89 1.53

This indicates that crystallinity was better in the sol–gel-derived thin films, as the FWHM is
inversely related to the crystallite size (Equation (1)). The crystallite size for the thin films synthesized
through the MPM method was significantly smaller (32 nm) compared to that obtained through the
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sol–gel method (39.6 nm). A larger crystallite size of the sol–gel-derived ZnO thin films is an indication
of less ordered grains and fewer micro-defects in the grains [39], which translates into a small value for
the dislocation density and strain given in Table 1.

Figure 2 shows the scanning electron microscopy (SEM) image of a ZnO thin film synthesized
via the molecular precursor method. The surface appears to be microporous with inhomogeneous
spherical grains of different sizes. The average value of the crystallite size value obtained from the
scanning electron microscopy (SEM) analysis was about 34 nm, which is quite close to that obtained
from the XRD analysis (32 nm). Differences in thermal expansion represent one of the factors that
affect the bonding between the coating and the underlying micro glass substrate. The influence of the
difference in the thermal expansion coefficient between the ZnO film and the substrate is negligible,
because of the very thin nature of the deposited ZnO thin film with a height of 7.67 nm (Figure 3). As
a result, there is stable bonding between the ZnO thin film and the micro glass substrate. The exact
bonding mechanism of the thin films and supportive substrate in the molecular precursor method is
not clear. Further studies related to the observation of the interface between the coated ZnO thin film
and glass substrate are needed.

 

a b 

Figure 2. SEM image of (a) microporous ZnO thin film; (b) different grain sizes fabricated via
MPM method.

Consistent with our results, previous reports showed that the molecular precursor method
produces thin films of small crystallite size due to a rapid nucleation process [42]. The main difference
between the sol–gel and the molecular precursor method is the absence of polymerization in the MPM
solution, ensuring that the precursor film formed after coating remains amorphous and the solution
remains stable over a long time [43]. The shrinkage rate and the packing of the precursor film on the
substrate depend on the chain length of the alkylamine used in the synthesis [43]. It was suggested
that the crystallite size of the metal oxide obtained via the MPM method will be smaller than that
obtained from the sol–gel process [44], because the nucleation process in the sol–gel method during
heat treatment is slower, as the polymeric chains rearrange to form the basic core structure of the metal
oxide, resulting in relatively large crystallites.

The dislocation density (δ) and lattice strain (ε) in the thin films were estimated using the following
equations:

δ =
1

D2 (2)

ε =
βcosθ

4
(3)

As shown in Table 1, ZnO thin films obtained from the sol–gel method showed smaller values for
the dislocation density and lattice strain than those obtained from the molecular precursor method.
The dislocation density and lattice strain represent flaws and levels of defects in the crystal structure of
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the thin films, with smaller values indicating better crystallinity of the thin films [41]. Thus, it can be
inferred that the thin films obtained from the sol–gel method are of better quality than those obtained
from the molecular precursor method, potentially because the formation of crystallites of larger sizes
allows the release of strain energy and relaxation between grains in the thin films [42].

Topographical features of the ZnO thin films were measured with AFM in tapping mode over
a scan area of 1 μm2. Figure 3 shows the micrographs of the thin films prepared via the MPM and
sol–gel methods. Based on the surface roughness and height recorded in Table 2, it is evident that the
thin films obtained from MPM have a high surface roughness, with the root mean square (RMS) of the
surface = 3.47 nm, compared to that obtained from the sol–gel method where RMS = 2.02 nm.

Figure 3. Atomic force microscopy (AFM) image (1 μm × 1 μm) of ZnO thin films prepared via (a) MPM
and (b) sol–gel techniques.

Table 2. Surface roughness of MPM- and sol–gel-derived ZnO thin films.

Roughness Profile MPM Sol–Gel

Root mean square, RMS (nm) 3.47 2.02
Roughness average, Ra (nm) 2.73 1.50

Height (nm) 7.67 7.69

An inverse relationship between crystallite size and surface roughness was observed in this study,
with the same findings reported by other authors [41]. It is, however, worth noting that the surface
roughness of the ZnO thin film may also be affected by other factors and does not only depend on
the crystallite size. Other parameters such as shape of the nanostructures, deposition conditions,
and chemical reactions in the precursor solutions may also affect the surface roughness of ZnO thin
films [43,44]. The influence of complexing agents on the grain size and surface roughness of ZnO thin
films was described in detail by Nesheva et al. [39].

3.2. Optical Properties

Figure 4 shows the optical transmittance of the ZnO thin films synthesized via MPM and the
sol–gel method. All transmittance spectra showed intensive absorption in the UV region, as expected
for ZnO. The average transmittance for the ZnO thin films was calculated in the visible wavelength
range of 400–700 nm. All thin films were highly transparent with an average transmittance of about
88% for the sol–gel-derived thin films and 90% for the MPM-derived thin films. Both films are, thus,
suitable for optoelectronic devices, e.g., as window layers in solar cells. Salam et al. [45] determined
the absorption edge of sol–gel-synthesized intrinsic (i-ZnO) and aluminum-doped zinc oxide (Al:ZnO)
thin films mined to be at ~370 nm with ≥80% transmittance in the visible and near-infrared regions of
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the spectrum. Nearly 100% transmittance across the visible range was reported for ZnO thin films
synthesized from a one-step spin-coating pyrolysis technique using zinc neodecanoate precursor [46].
A high transmittance (~92%) of ZnO nanowire arrays on indium tin oxide (ITO) substrate in the
visible region was reported by Chen et al. [47]. The effect of annealing temperature on the structural,
morphological, and optical properties of spray-pyrolized Al-doped ZnO thin films was systematically
investigated by Kabir et al. [48]. It was shown that the annealing temperature affects the optical
transmittance of the Al-doped ZnO thin films with the average transmittance value within the visible
region found to be 70.3% for the as-deposited film [48].

Figure 4. Transmittance spectra of ZnO fabricated via MPM and sol–gel methods.

The optical band gap energy (Eg) of the ZnO was determined from Tauc’s equation (Equation (4))
for direct band gap semiconductors.

Ahν = A(Hν − Eg)
1
2 , (4)

where α is the absorption coefficient, hν is the incident photon energy, and A is a constant.
The optical band gap was then estimated by plotting (αhν)2 against the photon energy (hν)

and extrapolating the linear portion of the curve to the photon energy axis, as shown in Figure 5.
The presence of a single slope in the plot for ZnO fabricated using MPM suggests that, unlike in
the sol–gel method, films in MPM have direct and allowed transitions. The band gap energy (eV)
is obtained by extrapolating the straight-line portion of the plot to the zero absorption coefficient.
Thus, the band gap values of the ZnO thin films fabricated via the sol–gel method and MPM were
found to be 3.25 and 3.75 eV, respectively. However, the Tauc plot for thin films obtained from the
sol–gel method shows a second linear segment, which could be due to sub-band gaps from a possible
secondary phase [49]. The value of the optical band gap for the ZnO fabricated via the sol–gel method
agrees with what is reported in the literature [50,51]. ZnO thin films that can absorb in the visible range
of the spectrum make these materials suitable as a window layer in solar cells. However, the band gap
for the ZnO thin film fabricated using MPM was a bit higher. There are two possible reasons for a large
band gap value of the film: (i) owing to an axial strain effect from lattice deformation as suggested
for ZnO films [52], or (ii) owing to a change in the density of semiconductor carriers. Which of these
scenarios is the most likely, however, requires further investigation. Large optical band gap values
(3.52–3.71 eV) were also reported by Akhtar et al. [53] and Wahab et al. [54]. Both groups attributed the
blue shift of the band gap to residual strain defect and grain size confinement, although the grain sizes
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ranged between 28 nm and 150 nm. Samanta et al. [55] reported that the confinement regime of ZnO is
much stronger when the particle size is much closer to the Bohr radius (2.3 nm). Hence, band gap
broadening of ZnO thin films cannot be due to a quantum confinement effect, because the size of the
ZnO crystallites is outside the quantum confinement regime, which is usually from 2 nm to 10 nm.

Given that the thin films in this study were very thin, the blue shift in the band gap could be due
to the presence of interference from the amorphous glass substrate used. It is also possible that there
could be a reformation of intermediate phases or new amorphous ZnO-like structures, as reported by
Gonzalenz [56] and Nishio [37]. Nonetheless, other factors, such as variations in shape and size, may
also play a role [57,58].

Figure 5. Plots of [ανh]2 versus photon energy of ZnO thin films fabricated via MPM and
sol–gel methods.

4. Summary and Conclusions

ZnO thin films with a preferential (0 0 2) orientation along the c-axis deposited on microscope
glass slides were synthesized via two synthesis routes: sol–gel and molecular precursor methods. It
was demonstrated, based on the estimated structural parameters, such as crystallite size, dislocation
density, strain, and surface roughness, that the sol–gel-derived ZnO thin films were of better quality
and crystallinity than those prepared via the MPM method. Results from optical studies showed
a larger band gap (3.75 eV) for thin films fabricated using MPM. Factors such as the synthesis and
deposition conditions employed in this study could be responsible for the observed larger band gap.
The observed high transparency of the as-prepared ZnO thin films (88% for sol–gel and 90% for MPM)
in the visible region makes them suitable for use as transparent windows for various applications.
Future investigations will characterize other optical properties such as the absorption coefficient and
refractive index, as well as explore transition-metal doping to narrow the band gaps and to extend the
absorption in the visible region.
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Abstract: Gallium oxide (Ga2O3) thin films were fabricated on glass substrates using a combination
of chemical bath deposition and post-annealing process. From the field-emission scanning electron
microscopy and x-ray diffraction results, the GaOOH nanorods precursors with better crystallinity can
be achieved under higher concentrations (≥0.05 M) of gallium nitrate (Ga(NO3)3). It was found that
the GaOOH synthesized from lower Ga(NO3)3 concentration did not transform into α-Ga2O3 among
the annealing temperatures used (400–600 ◦C). Under higher Ga(NO3)3 concentrations (≥0.05 M)
with higher annealing temperatures (≥500 ◦C), the GaOOH can be transformed into the Ga2O3

film successfully. An α-Ga2O3 sample synthesized in a mixed solution of 0.075 M Ga(NO3)3 and
0.5 M hexamethylenetetramine exhibited optimum crystallinity after annealing at 500 ◦C, where the
α-Ga2O3 nanostructure film showed the highest aspect ratio of 5.23. As a result, the photodegeneration
efficiencies of the α-Ga2O3 film for the methylene blue aqueous solution can reach 90%.

Keywords: Ga2O3; GaOOH; chemical bath deposition; photocatalytic property

1. Introduction

Environmental protection, especially against water pollution, has generated public interest in
recent years, and the application of nanotechnology in this field has become a hot topic. Photocatalysis
using natural sunlight as a clean energy source, has been extensively studied for environmental
remediation since its discovery [1–4]. Methylene blue (MB), a common dye, has been widely used for
the commercial products such as the dyeing paper, linen, silk fabric, bamboo, wood, etc. The discharge
of untreated MB into the wastewater can lead to serious pollution problems, making degradation and
decolorization of MB is one of the important targets of dyeing wastewater treatment [5,6].

Metal oxides, such as titanium dioxide, zinc oxide, and gallium oxide (Ga2O3), are considered
promising for photocatalytic applications due to their excellent physical and chemical properties [7–11].
Among these metal oxides, Ga2O3, with various polymorphs (α-, β-, γ-, δ-, and ε-) can be synthesized
at different temperatures [12,13]. Gallium oxides, which have wide bandgap ranging from 4.2 to 4.9 eV,
are particularly important semiconductor materials [11,14]. The Ga2O3 material can be used for
various device applications, such as gas sensors [15], catalysis [16], power and high voltage electronic
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devices [13] because it has unique conductive properties and is electrically and thermodynamically
stable [17–19]. Various polymorphs of Ga2O3 as the photocatalysts in the degradation of organic dyes
have been studied previously [11,20–22]. Reddy et al. [11] have reported that the photodegeneration
efficiencies ofα-Ga2O3 andβ-Ga2O3 nanorods for the rhodamine B aqueous solution were 62% and 79%,
respectively. The photocatalytic activity of α-Ga2O3 in the malachite green degradation was studied
by Rodríguez et al. [20]. Zhao et al. [21], have demonstrated that the photodegeneration efficiency of
β-Ga2O3 nanorods in the perfluorooctanic acid can reach 98.8%. In addition, the photocatalytic activity
of the γ-Ga2O3 in rhodamine 590 degradation has also been investigated by Jin et al. [22].

Recently, various methods have been used to synthesize Ga2O3, including hydrothermal
techniques [11,23], microwave-assisted hydrothermal methods [21], sol-gel methods [24],
spray pyrolysis processes [25], and chemical vapor deposition [26]. The advantages of CBD for
the synthesis of metal oxide thin films are based on the relatively low cost and convenience for
deposition over a large area [27]. However, there are very few reports on the synthesis of Ga2O3 thin
films via CBD. In this study, the Ga2O3 thin films were synthesized on the glass substrates using CBD
with various post annealing treatments. The chemistry of the synthesis process can be summarized as
follows [20,28–30]:

(CH2)6N4 + 6H2O→ 4NH3 + 6HCHO (1)

NH3 + H2O→ NH4+ + OH (2)

3OH−+ Ga3+→ Ga(OH)3 (3)

Ga(OH)3 → GaOOH+H2O (4)

2. Experimental

Ga2O3 thin films were prepared on glass substrates using CBD. Analytical grade gallium (III)
nitrate hydrate (Ga(NO3)3·nH2O, 99.9%) and hexamethylenetetramine (HMT, 99.9%) were used as
starting materials. The glass substrates were cleaned with acetone, methanol, and 10% hydrofluoric
acid for 10 min respectively, then rinsed with deionized (DI) water. Three growth solutions were
prepared by dissolving 0.025 mol, 0.05 moL, or 0.075 mol Ga(NO3)3 and 0.5 mol HMT in 1 L of DI
water. To obtain the GaOOH precursor, each aqueous solution was placed in a beaker with a glass
substrate and vigorously stirred at 500 rpm with a magnetic stirrer for 5 h at 95 ◦C. The precursor was
then dried at 70 ◦C for 5 min and allowed to cool naturally to room temperature. The as-prepared
GaOOH thin films were annealed in a furnace tube at either 400 ◦C, 500 ◦C, or 600 ◦C for 3 h to form
Ga2O3 thin films.

The crystal structures of the as-prepared samples were characterized using a high resolution
X-ray diffraction system (HR-XRD, X’Pert Pro MRD, PANanalytical, Almelo, Nederland). A JSM-6700F
field-emission scanning electron microscope (FE-SEM, JEOL, Tokyo, Japan) equipped with an energy
dispersive spectrometer (EDS) was used to analyze the morphologies of the samples and their elemental
distributions. FT-IR spectra were collected in the range from 4000 to 500 cm−1 with a Vertex 80v Fourier
transform infrared spectrometer (Bruker, Billerica, Massachusetts, MA, USA). The photocatalytic
properties of the Ga2O3 thin films in aqueous MB solutions were evaluated during and after irradiation
under an 8 W UV lamp at wavelengths from 100 to 280 nm. Thin films with dimensions of 1 cm × 1 cm
were first placed in aqueous solutions containing 5 ppm MB. The solutions were then irradiated for 5 h
at room temperature in an otherwise dark environment. Photodegradation efficiency was determined
through UV-visible spectrophotometric analysis (U3010, Hitachi, Tokyo, Japan)

3. Results and Discussion

The FE-SEM images of the GaOOH nanostructures obtained via CBD at various Ga(NO3)3

concentrations are shown in Figure 1, where the length, width, and the aspect ratio of at least
eight GaOOH nanorods were measured. It was found that the Ga(NO3)3 concentration significantly
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influenced the synthesis of GaOOH nanorods and the formation of Ga2O3 thin films during the
annealing process. The GaOOH crystalline quality increased as the Ga(NO3)3 concentration increased
from 0.025 M (Figure 1a,d) to 0.075 M (Figure 1c,f). The average length, width and the aspect ratio of
the GaOOH nanorods prepared from 0.025 M Ga(NO3)3 were 0.88 μm, 0.27 μm and 3.23, respectively
(Figure 1d). The average length, width and the aspect ratio of the GaOOH nanorods prepared from
0.05 M Ga(NO3)3 were 0.92 μm, 0.25 μm and 3.76, respectively (Figure 1e). When the Ga(NO3)3

concentration increased to 0.075 M, the average length, width and the aspect ratio of the GaOOH
nanorods increased to 1.24 μm, 0.25 μm and 5.06, respectively (Figure 1f). These indicated that the
higher concentration of Ga(NO3)3 yielded the GaOOH nanorods with better crystallinity.

 
Figure 1. FE-SEM images of GaOOH prepared from Ga(NO3)3 at concentrations ranging from 0.025 M
to 0.075 M: (a) 0.025 M; (b) 0.05 M; (c) 0.075 M. Their corresponding enlarged micrographs are shown in
(d–f), respectively.

Figure 2a shows the XRD pattern of the as-prepared GaOOH obtained at each Ga(NO3)3

concentration. The full width at half maximum (FWHM) of each (110) crystal plane diffraction peak
was calculated from XRD data as shown in Figure 2b. The XRD patterns indicated the as-prepared
GaOOH had an orthorhombic structure (JCPDS no. 01–180). The sharp diffraction peak of the (110)
crystal plane appeared at (2θ) 21.4◦ in the pattern of each sample. This indicated that GaOOH crystal
growth proceeded preferentially in the [001] direction at each Ga(NO3)3 concentration. The diffraction
peaks of the (130), (111), and (240) crystal planes of GaOOH were observed at (2θ) 33.7◦, 37.2◦, and
54.02◦, respectively. The peaks at 21.4◦ in the patterns of GaOOH nanorods prepared using 0.025 M,
0.05 M, and 0.075 M Ga(NO3)3 had FWHMs of 878, 759.7, and 745.1 arcsec, respectively (Figure 2b).
The FWHM of this peak was related to the crystallinity of the GaOOH nanorods and indicated that
the crystallinity of the nanorods prepared with 0.075 M Ga(NO3)3 was higher than that of the other
GaOOH samples. The XRD results agreed well with the crystallinity trend of the GaOOH nanorods
deposited from various Ga(NO3)3 concentrations as presented in Figure 1.

An FTIR spectra of the as-prepared GaOOH nanorods synthesized at each Ga(NO3)3 concentration
is shown in Figure 3. It is known that the peak at ~3222 cm−1 in the FTIR spectra of GaOOH nanorods
was assigned to the H-OH stretching vibration, and the stretching vibration of O–H bonds was observed
around 1323 cm−1 due to the adsorption of water molecules [11,31]. The peak at ~750 cm−1 was
assigned to the Ga-O-H stretching vibration [20]. It is worthy to mention that the Ga-O-H bond will be
enhanced and shifted from ~750 to ~820 cm−1 as the GaOOH content increased, [31,32]. This confirmed
that the GaOOH nanostructure thin films were successfully grown on the glass substrates via CBD.
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Figure 2. (a) XRD patterns of as-prepared GaOOH nanorods obtained from Ga(NO3)3 at concentrations
of 0.025 M, 0.05 M, and 0.075 M. (b) FWHMs of the GaOOH (110) crystal plane diffraction peaks
shown in (a).

Figure 3. FTIR spectra of GaOOH prepared from Ga(NO3)3 at various concentrations.
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Figure 4 shows the XRD patterns of Ga2O3 in the films after annealing for 3 h at various
temperatures from 400 to 600 ◦C. As shown in Figure 4a, the α-Ga2O3 polymorph (JCPDS no. 06–0503)
was not indicated in any of the samples annealed at 400 ◦C. Possibly, the GaOOH could not change
to α-Ga2O3 at such as a low temperature [12]. It was also found that the GaOOH synthesized from
0.025 M Ga(NO3)3 did not transform into α-Ga2O3 among these annealing temperatures. However,
the transformation of as-prepared GaOOH into orthorhombic α-Ga2O3 occurred during annealing
at 500 and 600 ◦C. The sharp diffraction peaks of the (104) and (110) α-Ga2O3 crystal planes were
observed at (2θ) 33.78◦ and 36.03◦, respectively. Table 1 shows the FWHM data of the (104) α-Ga2O3

diffraction peaks obtained from 500 and 600 ◦C-annealed GaOOH samples with 0.05 and 0.075 M
Ga(NO3)3 concentrations. Obviously, the CBD-GaOOH sample with 0.075 M Ga(NO3)3 concentration
and post thermal treatment at 500 ◦C can result in higher crystallinity of α-Ga2O3

 
Figure 4. XRD patterns of Ga2O3 obtained from thermal-treated GaOOH samples for 3 h at various
temperatures (a) 400 ◦C, (b) 500 ◦C and (c) 600 ◦C.

Table 1. The FWHM data of (104) α-Ga2O3 diffraction peaks obtained from post-annealed GaOOH
samples with 0.05 and 0.075 M Ga(NO3)3 concentrations.

Annealed Temperature 0.05 M Ga(NO3)3 0.075 M Ga(NO3)3

500 ◦C 2153.5 arcsec 1567.4 arcsec
600 ◦C 1715 arcsec 1700.6 arcsec

Figure 5 shows the corresponding FE-SEM micrograph of the α-Ga2O3 sample as tabulated in
Table 1. After annealing at 500 ◦C, the average length, width and the aspect ratio of the Ga2O3 nanorods
obtained from CBD-GaOOH with 0.05 M Ga(NO3)3 were 0.94 μm, 0.26 μm and 3.63, respectively
(Figure 5a). When the annealing temperature increased to 600 ◦C, the average length, width and the
aspect ratio of the Ga2O3 nanorods were 0.89 μm, 0.26 μm, and 3.45, respectively (Figure 5b). Besides,
the average length, width and the aspect ratio of the Ga2O3 nanorods obtained from 500 ◦C-annealed
GaOOH with 0.075 M Ga(NO3)3 were 1.16 μm, 0.23 μm and 5.23, respectively (Figure 5c). When the
annealing temperature increased to 600 ◦C, the average length, width and the aspect ratio of the Ga2O3

nanorods were 1.22 μm, 0.26 μm, and 4.68, respectively (Figure 5d). Here, all the data of length, width,
and the aspect ratio shown in the micrographs were measured at least eight times. It becomes clear
that the higher annealing temperature (i.e., 600 ◦C) will lead to the slight decrease in the aspect ratio of
Ga2O3 nanorods. As a result, these nanorods were tightly packed together.
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Figure 5. FE-SEM Ga2O3 obtained after annealing GaOOH at 500 ◦C: (a) 0.05 M; (c) 0.075 M;
and 600 ◦C: (b) 0.05 M; (d) 0.075 M.

The elemental compositions of the annealed samples were analyzed via EDS. The EDS spectra of
samples prepared using Ga(NO3)3 at various concentrations after annealing at 500 ◦C are shown in
Figure 6. The Si peaks in the EDS spectra were attributed to silicon in the glass substrates. The at.% of
Ga in the sample prepared from 0.025 M Ga(NO3)3 was only 1.92% (Figure 6a). When the Ga(NO3)3

concentration increased to 0.05 M, the content of Ga atoms in the sample increased to 16.56% (Figure 6b).
Moreover, the at.% of Ga in the sample prepared from 0.075 M Ga(NO3)3 was 30.35% (Figure 6c).
From the XRD results as described in Figure 4, the CBD-GaOOH prepared under the lower concentration
(0.025 M) cannot be transformed into the α-Ga2O3 regardless of the annealing temperature. It may be
due to the fact that the 0.025 M Ga(NO3)3 cannot provide enough Ga content to transform into α-Ga2O3.

 
Figure 6. EDS spectra of annealed samples synthesized using (a) 0.025 M Ga(NO3)3, (b) 0.05 M
Ga(NO3)3 and (c) 0.075 M Ga(NO3)3. The samples were annealed for 3 h at 500 ◦C.

The photocatalytic properties of the α-Ga2O3 thin films in the MB solutions were examined
under irradiation with UV light. The Ga2O3 shows the photocatalytic activity under deep-UV
absorption owing to its high bandgap. In general, when the photon was absorbed into photocatalyst,
the electron-hole pairs generated on the surface of Ga2O3 were used to the degradation of the MB
solution. After interacting with aqueous media, these electrons and holes generate hydroxyl ions,
which play the significant role in the degradation process. These hydroxyl ions have strong oxidation
capabilities as they can mineralize most of organic compounds. Moreover, the photocatalytic activities
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intimately depend on the crystallinity and surface area. From the XRD (Figure 4) and FWHMs analyses
(Table 1), the good crystallinity of α-Ga2O3 sample prepared using 0.075 M Ga(NO3)3 can bring the
stable photocatalytic properties as compared with those of the other α-Ga2O3 samples. The calculated
constant reaction rates of MB photodegradation by Ga2O3 in the solutions (C/C0) are plotted as a
function of UV irradiation time in Figure 7. C0 is the initial MB concentration in solution, and C is
the MB concentration in the UV-irradiated solution. The rates of MB self-degradation in solutions
without the catalyst are shown for comparison. Absorbance by MB was monitored at 664 nm [33].
After 5 h of UV irradiation, 82% of the MB was photodegraded by α-Ga2O3 obtained from GaOOH
prepared from 0.05 M Ga(NO3)3 after annealing at 500 ◦C (Figure 7b). Photodegradation by α-Ga2O3

obtained from the GaOOH sample prepared using 0.075 M Ga(NO3)3 after annealing at 500 ◦C was
particularly efficient. After UV irradiation for 5 h, 90% of the MB had been photodegraded by the
catalyst (Figure 7c). As shown in Figure 7a, only 29% of the MB was photodegraded by the sample
obtained from GaOOH prepared using 0.025 M Ga(NO3)3. Based on the XRD results (Figure 4), its low
photodegradation efficiency may have been due to the lack of GaOOH transformation into α-Ga2O3.
The photodegradation efficiencies of α-Ga2O3 samples obtained after annealing at 500 ◦C were higher
than those of α-Ga2O3 obtained after annealing at 600 ◦C. This may have been due to the higher the
aspect ratio of the α-Ga2O3 annealed at 500 ◦C, which can lead to more surface area under the process
of the degradation of the MB solution. The photocatalytic properties of α-Ga2O3 observed during the
degradation of MB suggested it held promise for environmental remediation applications.

 
Figure 7. Calculated constant reaction rate of MB photodegradation (C/C0) by Ga2O3 plotted as a
function of UV irradiation time. The Ga2O3 samples were obtained following annealing of GaOOH
prepared at Ga(NO3)3 concentrations of (a) 0.025 M, (b) 0.05 M and (c) 0.075 M.

4. Conclusions

GaOOH thin films were successfully grown on glass substrates via CBD at 95 ◦C. The as-prepared
GaOOH thin films were annealed for 3 h at either 400 ◦C, 500 ◦C, or 600 ◦C to convert GaOOH
into thin films of α-Ga2O3, and the crystal structures and elemental compositions were confirmed
through the XRD and EDS analysis, respectively. Nanocrystalline α-Ga2O3 films were obtained from
GaOOH prepared at Ga(NO3)3 concentrations at or above 0.05 M after annealing at 500 ◦C or 600 ◦C.
The α-Ga2O3 sample obtained after annealing GaOOH prepared at a Ga(NO3)3 concentration of
0.075 M photodegraded 90% of the MB in a solution irradiated under a UV lamp for 5 h. These results
suggest that α-Ga2O3 thin films can be very useful alternatives for the photocatalytic degradation of
dyes during wastewater treatment.
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Abstract: Low emissivity glass (low-e glass), which is often used in energy-saving buildings, has high
thermal resistance and visible light transmission. Heavily doped wide band gap semiconductors
like aluminum-doped zinc oxide (AZO) and tin-doped indium oxide (ITO) have these properties,
especially after certain treatment. In our experiments, in-line sputtered AZO and ITO bilayer
(AZO/ITO) films on glass substrates were prepared first. The deposition of AZO/ITO films was
following by annealing in hydrogen/nitrogen (H2/N2) plasma with different N2 flows. The structure
and optical and electrical properties of AZO/ITO films were surveyed. Experiment results indicated
that N2 flow in H2/N2 plasma annealing of AZO/ITO films slightly modified the structure and
electrical properties of AZO/ITO films. The X-ray diffraction peak corresponding to zinc oxide (002)
crystal plane slightly shifted to a higher angle and its full width at half maximum decreased as the
N2 flow increased. The electrical resistivity and the emissivity reduced for the plasma annealed
AZO/ITO films when the N2 flow was raised. The optimum H2/N2 gas flow was 100/100 for plasma
annealed AZO/ITO films in this work for low emissivity application. The emissivity and average
visible transmittance for H2/N2 = 100/100 plasma annealed AZO/ITO were 0.07 and 80%, respectively,
lying in the range of commercially used low emissivity glass.

Keywords: H2/N2 plasma; AZO/ITO; low emissivity glass

1. Introduction

Low emissivity glass (low-e glass), which owns characteristics of high visible transmittance and
infrared reflectance, has been popularly applied in energy-saving architecture [1,2]. Two kinds of low
emissivity glass exist: metal-based multilayers and heavily doped wide energy gap semiconductors are
reported in the market [3,4]. Silver is the most often used metal for metal-based multilayers. The film
thickness of silver must be carefully controlled to possess highly both visible transmittance and infrared
reflectance [5]. However, silver is easily oxidized and undergoes poor adhesion with a glass substrate.
Some protection and interface layers are usually added on and below the silver films on the glass
substrate. Single-layer silver-based multilayer low emissivity glass has at least five layers of films,
while double-layer silver ones have more than eight layers [6]. Multilayer film preparation increases
production cost. Heavily doped wide energy gap semiconductors which do not need many layers and
which may be considered as a substitute for silver-based multilayers applied in low emissivity glass
were investigated in this work.
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Aluminum-doped zinc oxide (AZO) and tin-doped indium oxide (ITO) are heavily doped wide
energy gap semiconductors. Owing to the favorable optical and electrical properties of ITO and
AZO [7,8], they are commonly applied in solar cells, organic light-emitting diodes, and energy-saving
glass, etc. [9–12]. The Hagen–Rubens relation states emissivity of materials decreases when lowering
their electrical resistivity [13]. Recent studies have shown that post treatment could reduce electrical
resistivity and increase the visible transmission of ITO and/or AZO films [14–19]. The reduction of
electrical resistivity of AZO for H2 plasma treatment possibly results from desorption of oxygen from
the grain boundary or the formation of a complex (such as Zn-H) [14–16]. Muthitamongkol et al.
have reported that a decrease in electrical resistivity of AZO films with Ar plasma treatment may
be attributed to the conversion of the crystal structure orientation [18]. Wu et al. have reported that
a reduction in electrical resistivity for H2/Ar plasma possibly resulted from reducing negatively-charged
oxygens adsorbed on the surface of the grain boundary and providing shallow donor states produced
by doped hydrogens [19].

Our research team has fabricated ITO films post-annealed at different H2/N2 flows [20]. We have
found that optimized H2/N2 annealing on ITO can reduce the electrical resistivity of ITO films 58%
more than that with pure H2 annealing. This could be related to the high thermal conductivity of H2,
which is seven times that of N2 [21]. Plasma energy can be readily dissipated by this high thermal
conductivity media during plasma treatment on ITO.

This work investigated the structure, electrical, and optical properties of AZO/ITO films.
The AZO/ITO films on glass were prepared by in-line sputtering. Later, the AZO/ITO films were
post-annealed in H2/N2 plasma at different H2/N2 flow ratios (100/0, 100/50, and 100/100). The results
indicate that the structure of AZO/ITO films can be modified by H2/N2 plasma annealing. The structure
and electrical and optical properties of the AZO/ITO films were surveyed. The optimized flow ratio in
H2/N2 plasma annealing was obtained from the analysis of the measured results.

2. Materials and Methods

The AZO/ITO films were prepared on glass substrates by in-line sputtering. The film thickness
of both AZO and ITO was 250 nm. The substrate was not intentionally heated during sputtering.
The sputtering target of AZO was ZnO:Al2O3 = 98:2 wt.% in composition and 760 × 136 mm2 in size.
The AZO layer was sputtered using a pure Ar flow of 440 sccm, a working pressure of 3 × 10−3 Torr,
and a sputtering power of 2 kW. The sputtering target of ITO was with In2O3:SnO2 = 90:10 wt.% in
composition and 150 × 1500 mm2 in size. The ITO layer was sputtered under an Ar(85%)/O2(15%)
flow of 40 sccm, a working pressure of 1.6 × 10−3 Torr, and a sputtering power of 9kW. The glass
substrate was rinsed by ultrasonic treatment in acetone, isopropyl alcohol, and pure water sequentially.
After that, the glass was dried with dry N2.

The AZO/ITO films were plasma annealed with different H2/N2 flow ratios of 100/0, 100/50,
and 100/100, and were named samples S1, S2, and S3, respectively. Other process parameters used in
H2/N2 plasma treatment were 25 Torr in gas pressure, 600 W in plasma power and 5 min in process time.

The microstructure and electrical, optical, and emissivity properties of the H2/N2 plasma annealed
AZO/ITO films were investigated. The crystalline structure and surface morphologies of the AZO/ITO
films were explored separately using an X-ray diffractometer (D/MAX-2500 V, Rigaku, Tokyo, Japan)
and a scanning electron microscope (SU8000, HITACHI, Tokyo, Japan). Hall measurements (Ecopia
HMS-3000, Ecopia, Gyeonggi-do, South Korea) were made in order to deduce the carrier concentration,
mobility, and electrical resistivity of the AZO/ITO films. The visible optical transmittance of the
AZO/ITO films was surveyed with a UV/VIS/NIR spectrophotometer (PerkinElmer LAMBDA 750,
PerkinElmer, Waltham, USA) in the 380~780 nm range. The emissivity of the AZO/ITO films was
obtained using an emissivity meter (TSS-5X, Japan Sensor, Tokyo, Japan).
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3. Results and Discussions

Figure 1 shows scanning electron micrographs of S1, S2, and S3, respectively. The crystal grains of
the AZO/ITO films are shown to grow with increasing N2 flow.

(a) (b) 

(c) 

Figure 1. Scanning electron micrographs of the H2/N2 plasma processed aluminum-doped zinc oxide
(AZO)/tin-doped indium oxide (ITO) films at gas ratios of (a) 100/0, (b) 100/50, and (c) 100/100.

X-ray diffractometer patterns of S1, S2, and S3 are presented in Figure 2, in which two peaks
corresponding to the (002) of ZnO and the (222) of ITO may be observed. The peak with respect to
(002) of ZnO is seen to slightly shift to a higher angle and its full width at half maximum (FWHM)
decreases with increasing N2 flow.

The (002) peak of ZnO shifting towards a slightly higher angle implies that the distance between
the (002) crystal planes of ZnO is decreasing. This phenomenon may be the result of replacing the Zn
ions with Al ions [22]. Zinc ions have an ionic radius of 0.74 Å, which is similar to but a little bigger
than the radius of Al ions, which is 0.50 Å [23]. The Scherrer equation points out that the grain size
of materials increases when the FWMH of the X-ray diffraction peak reduces for the corresponding
materials [24]. The FWHM of the (002) peak for ZnO narrows with increasing N2 flow during H2/N2

plasma annealing, as shown in Figure 2, indicating that the grain size of the H2/N2 plasma annealed
AZO/ITO films increases with N2 flow during annealing deduced from the Scherrer equation, which is
in agreement with the results of the SEM micrographs observed in Figure 1.
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Figure 2. XRD patterns of the H2/N2 plasma processed AZO/ITO films.

The electrical properties of the plasma annealed AZO/ITO films were also investigated. In Figure 3
it is evident that the electrical resistivity of the AZO/ITO films decreases and the carrier concentration
of AZO/ITO films increases with N2 flow. Sample S3 had the lowest resistivity, 2.89 × 10−4 Ω-cm, out of
S1, S2, and S3. The mobility of S1, S2, and S3 was 19.2, 25.0, and 23.2 cm2/Vs, respectively.

The reducing electrical resistivity of the AZO/ITO films with increasing N2 flow during the H2/N2

plasma process could result from replacing Zn ions with Al ions and the increase in grain size of the
AZO/ITO films. Electrical resistivity of the materials is inversely proportional to the product of carrier
concentration and mobility. The XRD diffraction peak corresponding to the (002) ZnO crystal plane
slightly shifting to a higher angle, as observed from Figure 2, hints at the replacement of Zn ions with
Al ions for the AZO/ITO films. The replacement increases the carrier concentration of the AZO/ITO
films, which agrees with the measured results of carrier concentration in Figure 3. The mobility of the
materials increases with decreasing defects of the materials. The measured grain size and the carrier
concentration of the AZO/ITO films increasing with N2 flow during the H2/N2 plasma process can
be observed in Figure 1; Figure 3, respectively. An increase in grain size reduced surface defects and
an increase in carrier concentration increased point defects in the AZO/ITO films. This could explain
why the mobility of the H2/N2 plasma annealed AZO/ITO films reached a maximum at H2/N2 = 100/50,
not at 100/100.

Figure 3. Electrical properties of the H2/N2 plasma processed AZO/ITO films.

30



Crystals 2019, 9, 310

Table 1 shows the emissivity and average transmittance in visible light of the H2/N2 plasma
annealed AZO/ITO films. Figure 4 reveals the transmission spectra of the AZO/ITO films by plasma
treatment. The average transmittance in the visible region (380–780 nm) for S1, S2, and S3 was 80%.
The emissivity of the AZO/ITO films decreased with increasing N2 flow. The emissivity of S1, S2,
and S3 was 0.10, 0.08, and 0.07, respectively. The emissivity of the materials decreased with their
electrical resistivity according to the Hagen–Rubens relation [13]. The electrical resistivity of the
AZO/ITO films decreased (Figure 3) and the emissivity of the H2/N2 AZO/ITO films also decreased
(Table 1) with increasing N2 flow during the H2/N2 plasma process. Our results are in agreement with
the Hagen–Rubens relation.

Reports on commercial low-e glass products indicate that they have an emissivity of below
0.45 [25]. Taking into account the obtained results, we deduced that the optimum H2/N2 with a flow
ratio 100/100 in plasma annealing can produce AZO/ITO films with an emissivity of 0.07.

Table 1. Average transmittance in the visible region (380–780 nm) and emissivity of the H2/N2 plasma
processed AZO/ITO films.

H2/N2 Flow Ratio 100 sccm/0 sccm 100 sccm/50 sccm 100 sccm/100 sccm

Emissivity 0.10 0.08 0.07
Average transmittance in the visible

(380–780 nm) region (%) 80% 80% 80%

Figure 4. Transmission spectra of the H2/N2 plasma with different N2 flow processed AZO/ITO films.

4. Conclusions

In this study AZO/ITO films were post-annealed in H2/N2 plasma at different N2 flows. Experiment
results showed that the N2 flow in H2/N2 plasma annealing of AZO/ITO films affects the microstructure
and electrical behavior of AZO/ITO films. The crystal grains grow and the electrical resistivity and
emissivity decrease for H2/N2 plasma annealed AZO/ITO films as N2 flow is raised during plasma
treatment. The average transmittance in visible wavelengths of all plasma treated AZO/ITO films was
about 80%. The decreasing of the electrical resistivity of the AZO/ITO films with increasing N2 flow
during the H2/N2 plasma process could be ascribed to the replacement of Zn ions with Al ions and the
increase in grain size for the AZO/ITO films. The optimized flow ratio for H2/N2 plasma treatment was
found to be 100/100. The H2/N2 (with a 100/100 flow ratio) plasma annealed AZO/ITO films were able
to reach an emissivity of 0.07 and a visible transmittance of 80%, which can be applied to low-e glass.
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Abstract: A NiO@ZnO (NZO) hybrid with different reaction times was successfully synthesized
by a green hydrothermal method. After comparison, it was found that hydrothermal time had a
great impact on specific capacitance. As a supercapacitor electrode of NZO-12h, it exhibited the
maximum reversible specific capacitance of 985.0 F/g (3.94 F/cm2) at 5 mA/cm2 and 587.5 F/g
(2.35 F/cm2) at 50 mA/cm2, as well as a high retention of 74.9% capacitance after 1500 cycles at
20 mA/cm2. Furthermore, the asymmetric electrode device with ZnO-12h and activated carbon
(AC) as the positive and negative electrodes was successfully assembled. In addition, the device
exhibited a specific capacitance of 85.7 F/g at 0.4 A/g. Moreover, the highest energy density of
27.13 Wh kg−1 was obtained at a power density of 321.42 W kg−1. These desirable electrochemical
properties demonstrate that the NZO hybrid is a promising electrode material for a supercapacitor.

Keywords: NiO@ZnO; electrochemical performance; supercapacitor

1. Introduction

The development of industrialization has caused tremendous pressure on the environment, and it
has also seriously affected people’s lives. It is necessary to find sustainable and renewable resources [1].
Supercapacitors, excellent energy storage devices, can effectively alleviate the current energy crisis [2–4].
Based on their obvious advantages, such as simple design, high-power density, long cycling lifetime,
and short charge/discharge rate [5–7], supercapacitors have attracted much research interest in recent
years. However, their development has been limited due to low-energy density, making it difficult to
obtain a capacitor with both high-energy density and good power density [8–10]. It is important to find
an effective solution to improve the performance of the electrode material.

As an excellent candidate, transition metal oxide can obtain good capacitance characteristics
benefiting from its various oxidation states [11]. Nickel oxide (NiO), a low-toxicity and high theoretical
specific capacity electrode material, has been widely investigated for energy storage devices [12].
Until now, research on nickel-based materials has made great progress for supercapacitors [13,14].
Gund et al. [14] fabricated micro-belts like β-Ni(OH)2 thin films, and its specific capacitance was
462 F/g at 5 mV/s. As is known, the structure of a material has a direct influence on its performance.
To some extent, structural limitations make the conductivity of transition metal oxide unsatisfactory,
so that the actual specific capacitance is lower than the theoretical value [15]. It is reportedthat
the electrochemical property of mixed transition metal oxide is superior to single transition metal
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oxides, and the former can display the synthetic effect of each component. Currently, considerable
efforts have been devoted to developing the materials, which exhibit improved electrochemical
performance [16–18].

As a single-crystal material, zinc oxide (ZnO) possesses excellent properties, such as wide band
gap (3.7 eV), a high-energy density of 650 Ah/g, and excellent chemical stability [19–22]. In addition,
the electrical conductivity of ZnO can achieve 230 S/cm [23]. Thus, ZnO can be used as a potential
electrode material [24–27]. For example, Hou et al. [27] reported that the ZnO/NiO hierarchical
core-shell structure exhibits enhanced pseudocapacitive behaviors, owing to synergistic effect of
combining ZnO and NiO/MoO2 composite. Based on this theory, a hybrid (NZO) was prepared by
combining NiO and ZnO in our work. The flower-like NZO electrode material has a large surface area,
allowing the electrolyte solution to have more contact with the active material. Thus, NZO electrode
material has enhancing electrochemical performance.

In this study, NZO on Ni foam with different reaction times was fabricated using a simple and
fast hydrothermal method. Their structure and electrochemical properties were also investigated
successfully. It was found that NZO-12h exhibits the best electrochemical performance compared with
other electrode materials. Further, it shows a high specific capacitance of 3.94 F/cm2 at 5 mA/cm2

and high rate capability of 59.6% due to its synergistic properties, growth on conductive substrate,
and unique flower-like structure.

2. Materials and Methods

All reagents required for the experiment were of analytical grade, and purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

The NZO was prepared using a facile hydrothermal method. First, Ni foam (2 cm × 2 cm) was
pretreated with 5% HCl solution to remove the oxide layer on its surface, and then it was ultrasonically
washed with acetone, ethanol, and deionized (DI) water for the same time, with each step sustained for
15 min. Then, 2 mmol nickel nitrate, 4 mmol zinc nitrate, and 24 mmol urea were dispersed into 50 mL
DI water with continuous stirring for 30 min to form a green transparent solution. The solution was
transferred into a 100 mL autoclave and a piece of pre-treated Ni foam immersed. The autoclave was
sealed and heated at 373 K for 12 h to carry out the hydrothermal reaction, and then naturally cooled
to room temperature. Next, the Ni foam was rinsed with DI water and ethanol several times, and dried
it at 333 K for 5 h. Finally, cleaned Ni foam was put in the tube furnace at 523 K for 2 h, heating rate
5 ◦C/min, and the product was labeled as NZO-12h. In order to study the effect of hydrothermal
time on the properties of electrode materials, analogous methods were used to fabricate other NZO
samples with different reaction times of 3 h, 6 h, and 24 h. These samples were denoted as NZO-3h,
NZO-6h, and NZO-24h, respectively. Schematic illustration of synthesis process for NZO-12h is shown
in Figure 1.

As-prepared products were analyzed using X-ray diffraction (XRD) measurements and
recorded with a Rigaku D/max 2500PC diffractometer with Cu Ka radiation (λ = 0.154156 nm).
X-ray photoelectron spectroscopy (XPS) was taken through an ESCA-LAB Mk II (Vacuum Generators)
spectrometer (Thermo Electron Corporation, New York, America). The morphology and microstructure
of the as-prepared sample were characterized by field emission scanning electron microscope (SEM,
S-4800, Hitachi, Tokyo, Japan) and transmission electron microscope (TEM, Tecnai F30G2, FEI,
Oregon, America) techniques, and chemical composition clearly recorded by energy dispersive
X-ray spectrometer (EDS) tests. In order to ensure the quality of the picture, the sample was
sputtered with a thin Au-Pt. Surface area analysis was conducted on an ASAP2020HD88 instrument
(Micromeritics Instrument Corporation, Shanghai, China) based on the Brunauer–Emmett–Teller (BET)
theory. Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) curves, and electrochemical
impedance spectroscopy (EIS) measurements were examined using a three-electrode system on CHI
660E electrochemical station (Chenhua, Shanghai, China) in 6 M KOH. The sample was used as the
working electrode, a platinum foil (2 cm × 2 cm), and a saturated calomel electrode as the counter and

36



Crystals 2019, 9, 47

the reference electrode, respectively. The mass loading of the active material on the Ni foam was about
4 mg, which was determined by weighing the Ni foam substrate before and after applying the active
material. And the specific capacitance of the single electrode was calculated using the equation:

C = iΔt/(SΔV) (1)

C = iΔt/(mΔV) (2)

where C is the specific capacitance, i is the discharge current, Δt is the discharge time, S and m are
assigned as the area and mass of the electrode material, and ΔV represents the potential window.

Figure 1. Schematic illustration of synthesis process for NZO-12h.

The electrochemical performance of asymmetric supercapacitor was examined in a two-electrode
system. The NZO-12h sample was used as the positive electrode and activated carbon as the negative
electrode, which was separated by a piece non-woven fabric. Further, a negative electrode was prepared
using activated carbon and polytetrafluoroethylene (PTFE) with mass ratio of 9:1. After, homogeneous
slurry was formed through continuous mixing, and then obtained slurry was spread on cleaned Ni
foam. Next, the Ni foam was dried at 340 K for 6 h in a vacuum oven.

The mass loading of positive and negative electrode was calculated according to the
following equation:

m+

m−
=

C− × ΔE−
C+ × ΔE+

(3)

where m (g) represents the mass loading, C is specific capacitance, and ΔE is potential window,
respectively, of positive (+) and negative (−) electrodes.

3. Results

The XRD measurement was used to analyze phase information of the NZO-12h electrode, and the
result is displayed in Figure 2. Three strong peaks can be found at 44.51◦, 51.84◦, and 76.41◦, which
corresponds to (110), (200), and (220) diffraction of Ni (JCPDS 65-2865). There were two diffraction
peaks which matched well with the (100) and (101) planes of ZnO (JCPDS 36-1451). The characteristic
peak at 43.01◦ corresponds to the (200) planes of NiO (JCPDS 47-1049). The XRD pattern indicates two
phases of NiO and ZnO could be indexed in the hybrid. Therefore, NZO was successfully fabricated
using the hydrothermal method.

The chemical composition and oxidation state of the samples were evaluated by XPS
measurements. The fitted spectra were obtained by Gaussian simulation method, as shown in Figure 3.
The Ni 2p3/2 main peak was located at 855.4 eV and its satellite peak at 861.1 eV, while the Ni 2p1/2
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main peak was centered at 873.8 eV and its satellite peak at 879.9 eV, respectively (Figure 3a). The result,
which is consistent with the previously reported values, further confirms that NiO can be detected
in as-prepared samples [28]. In the Figure 3b, it is clear that the prominent peaks of Zn 2p3/2 and Zn
2p1/2 appear at 1021.2 eV and 1044.5 eV, which was attributed to Zn2+ in the sample [29]. In the O 1s
region, there are three peaks, as shown in Figure 3c. Two peaks can be found at 527.9 eV and 530.5 eV,
which represents O2− (Ni) and O2− (Zn), respectively. In addition, a pronounced peak was observed
at 532.8 eV, which corresponds to H2O [28]. These results clearly determine the formation of ZnO and
NiO in this sample.

Figure 2. XRD pattern of NZO-12h on Ni foam.

Figure 3. X-ray photoelectron spectroscopy (XPS) survey spectra of NZO-12h: (a) Ni 2p; (b) Zn 2p;
(c) O 1s.

Figure 4 exhibits the SEM images at different magnifications of NZO-3h (Figure 4a–c), NZO-6h
(Figure 4d–f), NZO-12h (Figure 4g–i), and NZO-24h (Figure 4j–l), respectively. From low-magnification
SEM images (Figure 4a,d,g,j), it can be found that NZO materials grow on the Ni foam, and present
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the corresponding structure and its distribution states. For the NZO-3h sample, it exhibits a nanosheet
structure with an average diameter of 720 nm. Besides, the edge of these nanosheets has a jagged
structure, which can be observed from a high magnification of Figure 4b,c. For NZO-6h, the as-prepared
sample was composed of nanosheets with an average diameter of 540 nm, and these nanosheets form
a flower-like structure. Notably, the center of the flower-like structure has a large accumulation of
nanosheets, which affects the electrochemical conductivity of the electrode material. For the NZO-12h
sample, it can be seen that a 3D sphere was made up of intertwined nanosheets, and the nanosheets
were supported by each other, forming a flower-like structure. The diameter of nanosheets was about
610 nm. Moreover, there were a few pores in these nanosheets, as shown in Figure 4i, which facilitates
the diffusion of electroactive species. Such unique porous structure provides numerous pathways for
effective active sites electron/ion transport, which also accelerates the occurrence of redox reactions.
Thus, the NZO-12h sample has excellent electrochemical performance. Obviously, when the reaction
time is 24 h, the structure of the sample is still close to the flower-like; however, it is different from
other electrode materials. The magnified image (Figure 4l) illustrates NZO-24h was composed of many
short-rods and nanosheets.

Figure 4. FESEM images of (a–c) NZO-3h; (d–f) NZO-6h; (g–i) NZO-12h; and (j–l) NZO-24h.

EDS is an important technique to examine and analyze elemental component of samples. EDS was
performed at a working distance of 15 mm and an acceleration voltage of 15 kV. The typical EDS
spectrum of the NZO-12h sample is shown in Figure 5. It can be clearly seen that Ni, O, and Zn were
detected in the as-obtained sample, which is consistent with the XPS result.
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Figure 5. Typical EDS spectrum of the NZO-12h.

To observe the detailed structural characteristic of the NZO-12h sample, TEM and high-
resolution-TEM (HRTEM) were carried out, as shown in Figure 6. Further, TEM can be used to
distinguish between crystalline and amorphous structures. Meanwhile, precise information about the
surface morphology can be provided. The low-magnification TEM image is exhibited in Figure 6a,
which reveals the existence of interdigitated nanosheets for NZO-12h. The result coincided with the
corresponding SEM patterns. The HRTEM of the NZO-12h sample is displayed in Figure 6b–d, and the
images show that there are two kinds of diffraction fringes with the lattice spacing of about 0.237 nm
and 0.241 nm, which can be ascribed to the (111) planes of NiO and (101) planes of ZnO. The diffraction
spots in the selected area electron diffraction (SAED) pattern suggest crystallization property of the
as-prepared sample is unsatisfactory. Therefore, the conclusion could be made undoubtedly that the
flower-like NZO sample has been successfully prepared using the hydrothermal method.

Figure 6. TEM characterization of NZO-12h: (a) TEM image; (b–d) high-resolution-TEM images; inset
in (c,d) are corresponding selected area electron diffraction (SAED) images of ZnO and NiO.
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The nitrogen adsorption and desorption test was used to analyze the porous structure, and the
result is displayed in Figure 7. The flower-like NZO-12h sample exhibits a high Brunauer–
Emmett–Teller (BET) surface area of 20.3350 cm2/g, which is beneficial for the transport and diffusion
of electrolyte. The pore size distribution of NZO-12h is shown in Figure 7b, and an average pore
diameter of 2 nm was obtained by the Barret-Joyner-Halenda (BJH) method using the adsorption
branch of the isotherm. From this feature, it can be concluded that the NZO-12h sample has micropores.
Consequently, the NZO-12h sample has good electrochemical performance.

Figure 7. Nitrogen adsorption and desorption isotherms and pore size distribution of NZO-12h.

To explore the effect of structure on performance, a series of electrochemical tests of NZO materials
were performed. The CV curves of NZO electrodes (3 h, 6 h, 12 h, and 24 h) were measured at
5 mV/s within potential windows of 0–0.5 V, and the results are presented in Figure 8a. Obviously,
well-defined anodic and cathodic peaks of each curve can be observed. The special shape reflects the
pseudocapacitive characteristics of the NZO, which is different from the CV curves of the double-layer
capacitor [30]. Clearly, it can be found NZO-12h exhibits the largest enclosed area, implying its
specific capacitance is better than that of NZO-3h, NZO-6h, and NZO-24h electrodes. As is known,
electrochemical performance is related to the structure of samples. From these images it clearly shows
that the morphology of NZO-24h is different from NZO-12h, which consists of short-rods and sheets.
However, intertwined nanosheets of flower-like NZO-12h create a number of pores that have a large
effect on increasing the capacitance of the electrode material. In Figure 8a, NZO-3h and NZO-6h
samples exhibit almost the same double layer electrochemical surface area. The enclosed area is smaller
when the reaction time is 6 h, which is caused by poor electrical conductivity. Inconsistent redox peak
position change trend is mainly caused by the difference of pore structure. Figure 8b describes the
CV curves of the NZO-12h at different scan rates (5, 10, 25, and 50 mV/s). As the scan rates increases,
the distance between redox peaks becomes wide due to polarization. Moreover, the CV shape is similar
at different scan rates, which means that the electrode material has good reversibility [31], as shown in
the inset of Figure 8b. Therefore, it is necessary to further investigate the electrochemical properties of
the NZO-12h.

The GCD tests of different NZO electrodes were conducted at a current density of 5 mA/cm2,
as shown in Figure 9a. The area specific capacitances of the NZO-3h, NZO-6h, NZO-12h, and NZO-24h
were 1.49 F/cm2, 0.41 F/cm2, 3.94 F/cm2, and 3.32 F/cm2. Meanwhile, the mass specific capacitances
of these materials were measured to be 372.5 F/g, 102.5 F/g, 985.0 F/g, and 830.0 F/g. It can be
clearly found that the NZO-12h electrode has the highest specific capacitance, which is in agreement
with the CV result. The electrochemical performance of NZO-12h is better than NZO-3h, 6h, and 24h,
which was mainly attributed to its unique structural characteristics. Further, when the hydrothermal
reaction is 12 h, more active material grows on Ni foam. And its approximate flower-like structure
also promotes the contact between sample and electrolyte, thereby exhibiting better performance.
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The relationship between specific capacitances and hydrothermal time is shown in Figure 9b. It can be
found the NZO-12h exhibits higher specific capacitance than others.

Figure 8. (a) CV curves of NZO electrodes prepared using different hydrothermal times at a scan rate
of 5 mV/s; (b) rate performance curves of the NZO-12 h electrode, the insets show the ip vs. Vplots of
the corresponding CV curves.

Figure 9. (a) GCD curves at a current density of 5 mA/cm2 for NZO electrodes with different
hydrothermal times; (b) the specific capacitances of the NZO with different hydrothermal times;
(c) GCD curves of the NZO-12h electrode at different current densities; (d) rate capacitance calculation
of the NZO-12h electrode.

Figure 9c shows the GCD curves of the NZO-12h electrode at different current densities. Clearly,
there exists a discharge platform for each non-linear GCD curve. Actually, redox reaction is commonly
associated with pseudocapacitive charge/discharge process. When the current density is 5 mA/cm2,
the GCD curve has the longest discharge time. Rate capacitance calculation of NZO-12h derived
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from Figure 9c is shown in Figure 9d, and area specific capacitances are 3.94, 3.41, 3.02, 2.69, 2.51,
and 2.35 F/cm2 at the current density of 5, 10, 20, 30, 40, and 50 mA/cm2, respectively. According to
Equation (2), the mass specific capacitances of 985.0 F/g, 852.5 F/g, 755 F/g, 673.1 F/g, 627.5 F/g,
and 587.5 F/g were obtained at the same current density, respectively. In addition, NZO-12h
maintains 59.6% of the maximum capacitance at 50 mA/cm2, highlighting its excellent rate capability.
As expected, NZO-12h has better electrochemical performance than previous reports. In detail, specific
capacitances of different electrode materials are shown in Table 1. The high specific capacitance
was attributed to the unique structure of NZO-12h. Further, the large specific surface area of such a
flower-like structure allows the electrode material to have more active sites, which is significant to
the performance of itself. Thus, the flower-like NZO-12h has the potential to meet the demand of
supercapacitor applications.

Table 1. Specific capacitances of different electrode materials.

Material Structure Specific Capacitance Reference

NiO@PC Hierarchical structure 57 mF/cm2 at 5 mA/cm2 [32]
NiO@C@Cu2O hybrid Core-shell heterostructure 2.18 F/cm2 at 1 mA/cm2 [33]

HNCS-NiO Hierarchical structure 880.6 mF/cm2 at 0.8 mA/cm2 [34]
NiO/MnO2 Heterostructure 286 mF/cm2 at 0.5 mA/cm2 [35]

ZnO/MnO2@carbon cloth Core-shell structure 138.7 mF/cm2 at 1 mA/cm2 [36]
NiO/Ni(OH)2/PEDOT Nanoflower structure 404.1 mF/cm2 at 4 mA/cm2 [37]

NZO-12h Flower-like structure 3.94 F/cm2 at 5 mA/cm2 Our work

Long stability is an important parameter to determine whether the as-prepared material can be
effectively applied in supercapacitors, and the result is shown in Figure 10. After 1500 cycles, 74.9%
capacitance remained, indicating its high cycling stability. The GCD curves for first seven and last
seven cycles are shown in Figure 10b,c. It can be found that the shape of the curves is similar, meaning
that there is no significant structural change.

Figure 10. (a) 1500 cycle performance of the NZO-12h at a current density of 20 mA/cm2; (b) first 7
cycles of NZO-12h; (c) final 7 cycles of NZO-12h.
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To further understand the electrochemical behavior, the EIS plots of the NZO with different
hydrothermal times were collected between 0.01 Hz and 10 kHz, as shown in Figure 11a. Generally
speaking, the EIS curve includes a linear portion of the low-frequency region and a non-linear
portion of the high-frequency region. For the electrode material, its stability properties, conductivity,
and charge–discharge rate [38] are better when the equivalent series resistance (Rs) value is smaller.
The diameter of a semicircle at high-frequency represents charge–transfer resistance Rct. The slope
of the line can be ascribed to the diffusion and kinetics process called the Warburg impedance (Zw).
Importantly, a steep line indicates the better capacitive behavior in low-frequency region. Thus,
NZO-6h is unable to be a promising electrode material. However, the Rs values of the three samples
(NZO-3h, NZO-12h, and NZO-24h) are particularly close, being 0.35 Ω, 0.31 Ω, and 0.33 Ω. Rct values
are 3.39 Ω, 1.25 Ω, and 1.74 Ω, respectively. It can be concluded that NZO-12h has the smallest Rs

and Rct. Moreover, the slope of the NZO-12h is closer to the vertical line, representing a more rapid
ion-diffusion-transfer rate. Therefore, NZO-12h is an excellent candidate for the supercapacitor, which
is consistent with above analysis.

Figure 11. (a) EIS plots of NZO electrodes with different hydrothermal time; (b) the corresponding
high-frequency region of EIS.

In order to explore practical applications of the flower-like NZO-12h, it is necessary to fabricate
an asymmetric capacitor. The NZO-12h was regarded as a positive electrode and AC as a negative
electrode, and the electrochemical performance was tested in 6 M KOH electrolyte. After calculation,
the mass ratio of the NZO-12h and AC was 1:3.98. Figure 12a shows the CV curves of AC at different
scan rates in the potential window of −1.0–0 V. It was found that the shape of the curve was close
to a rectangle without redox peak, indicating the behavior of an electrical double-layer capacitance.
When the scan rate increases from 5 to 50 mV/s, the capacitance of the AC remains 73.4%, indicating
its good rate capability. Figure 12b shows the CV curves of AC and NZO-12h, which was recorded
in a three-electrode system and tested at a scan rate of 10 mV/s. There is no doubt that the positive
and negative electrodes were well matched each other for assembling asymmetric supercapacitors.
Figure 12c exhibits the CV curves of the asymmetric supercapacitor at different scan rates of 5, 10,
25, and 50 mV/s with the potential of 0–1.5 V. It was found that the shape of the CV curves were
nearly quasi-rectangular, even at a scan rate of 50 mV/s, indicating the asymmetric capacitor device
has low resistance. The GCD curves of the asymmetric supercapacitor at different current densities
were shown in Figure 12d. According to GCD measurement, energy density (E) and power density (P)
can be calculated as follows [39]:

E =
1

2 × 3.6
CV2 (4)

P = E × 3600/Δt (5)
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Figure 12. (a) CV curve of AC at different scan rates; (b) CV curve of AC and NZO-12h separately
tested in a three-electrode system at 10 mV/s; (c) CV curve of asymmetric supercapacitor at different
scan rates; (d) GCD curve of asymmetric supercapacitor at different current density; (e) Ragone plots
of asymmetric supercapacitor.

In this equation, E (Wh kg−1) and P (W kg−1) are the energy density and power density. C, V,
and Δt are specific capacitance, operating voltage, and discharge time, respectively.

Ragone plot relative to the corresponding energy and power densities of the asymmetric
supercapacitor was shown in Figure 12e. Clearly, the highest energy density of 27.13 Wh kg−1 was
obtained at a power density of 321.42 W kg−1, and still remains 14.81 Wh kg−1 at a high-power density
of 744.72 W kg−1. The obtained values are superior to results found in the literature of other asymmetric
systems, such as fabricated CNFs/MnO2//AC (20.3 Wh kg−1 at 485 W kg−1) [40], MnO2//AC
(7.8 Wh kg−1 at 338 W kg−1) [41], the novel CNT@NCT@MnO2 composites (13.3 Wh kg−1 at
90 W kg−1) [42], FeCo2O4@MnO2 nanostructures on carbon fibers (22.68 Wh kg−1 at 406.01 W kg−1) [43],
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graphene-MnO2//graphene-MnO2 (6.8 Wh kg−1, 62.0 W kg−1) [44], and AC//MnO2-CNTs
(13.3 Wh kg−1 at 600.0 W kg−1) [45].

4. Conclusions

In summary, NZO with various hydrothermal time was fabricated through a facile, simple, and
low-cost hydrothermal method. For four kinds of electrode materials, the NZO-12h exhibited better
electrochemical performance than the others (NZO-3h, NZO-6h, and NZO-24h). This phenomenon
was attributed to the large specific surface area of the NZO-12h sample, which is advantageous for the
occurrence of redox reactions. Electrochemical results show the NZO-12h electrode exhibited a high
specific capacitance of 985.0 F/g (3.94 F/cm2) at 5 mA/cm2 and 587.5 F/g (2.35 F/cm2) at 50 mA/cm2.
Besides, 74.9% capacitance retention was obtained after 1500 cycles charge/discharge cycles, which
indicates excellent cycling stability of NZO-12h. Moreover, the electrochemical performance of an
asymmetric supercapacitor was measured, and the specific capacitance of the device was 85.7 F/g at
0.4 A/g. Moreover, the device can deliver a maximum energy density of 27.13 Wh kg−1 at a power
density of 321.42 W kg−1. Therefore, the obtained NZO-12h hybrid is a promising candidate for
asupercapacitor. Importantly, our present study provides a strategy for the preparation of other hybrid
metal oxides.
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Abstract: An indium gallium nitride (InGaN) light-emitting diode (LED) with an embedded
porous GaN reflector and a current confined aperture is presented in this study. Eight pairs
of n+-GaN:Si/GaN in stacked structure are transformed into a conductive, porous GaN/GaN
reflector through an electrochemical wet-etching process. Porous GaN layers surrounding the
mesa region were transformed into insulating GaOx layers in a reflector structure through a lateral
photoelectrochemical (PEC) oxidation process. The electroluminescence emission intensity was
localized at the central mesa region by forming the insulating GaOx layers in a reflector structure as a
current confinement aperture structure. The PEC-LED structure with a porous GaN reflector and a
current-confined aperture surrounded by insulating GaOx layers has the potential for nitride-based
resonance cavity light source applications.

Keywords: InGaN; porous GaN; insulating GaOx; current confinement aperture structure

1. Introduction

Gallium nitride (GaN) materials have been developed for optoelectronic devices such as light-
emitting diodes (LEDs), laser diodes (LD) [1], and vertical cavity surface emitting lasers (VCSEL) [2].
Lateral oxidation of high aluminum (Al) content AlGaAs-based epilayers [3,4] produces a current-
confining aperture in the central microcavity structure. The lateral oxidized process was used to
transform AlAs into insulating AlOx, acting as a current confinement aperture in the microcavity
structure [5]. For nitride materials, Dorsaz et al. [6] reported the use of the electrochemical oxidation
process for AlInN to form current apertures. The epitaxial AlGaN/GaN stack [7], AlN/GaN
stacks [8,9], and AlInN/GaN stack [10] structures have been reported for bottom epitaxial distributed
Bragg reflector (DBR) in GaN-based VCSEL devices. Here, an InGaN-based LED structure with
n-GaN:Si/GaN stack epi-layers is transformed into a conductive porous-GaN/GaN reflector through
a wet electrochemical (EC) etching process. Then, the porous GaN layers surrounding the mesa region
are transformed into insulating GaOx layers in the stack structure through a photoelectrochemical
(PEC) oxidation process. A current-confined aperture in the bottom porous GaN reflector was produced
in the central mesa region.
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2. Experimental

The LED epitaxial layer consisted of a 30 nm-thick GaN buffer layer grown at 530 ◦C, a 2.0 μm-thick
unintentionally doped GaN layer (u-GaN, 1050 ◦C, 5 × 1016 cm−3), a 1.0 μm-thick n-GaN layer (1050 ◦C,
2 × 1018 cm−3) for the bottom n-type contact layer, eight pairs of n+-GaN:Si/GaN (n+-GaN:Si with 2 ×
1019 cm−3) stack structure, a 0.2 μm-thick u-GaN layer (1050 ◦C), a 0.3 μm-thick n-GaN layer (1050 ◦C,
2 × 1018 cm−3), six pairs of In0.2GaN/GaN (3 nm/12 nm) multiple quantum wells (MQWs, 760 ◦C),
and a 0.1 μm-thick p-GaN layer (950 ◦C, 1 × 1018 cm−3). A 150 nm-thick indium tin oxide (ITO) film
was deposited on the mesa region and acted as a transparent conductive layer. The mesa regions of
the InGaN LED structures were defined using a laser scribing (LS) process and dry etching process
with a 1.5 μm etching depth to produce the as-grown eight-period n+-GaN/GaN stack structure.
The LED chips were 35 × 35 μm2 in size, and the mesa regions were defined by using a triple frequency
ultraviolet Nd:YVO4 (355 nm) laser for the front side laser scribing process with a 40 μm spacing width.
The samples were immersed in a 0.5 M nitride acid solution for wet electrochemical (EC) etching with
an external direct current (DC) bias voltage of +8 V. The EC-treated LED structure with a porous GaN
reflector was defined as an EC-LED. Then, the samples were oxidized through a PEC oxidation process
with a +20 V bias voltage and illuminated with a 400 W Hg lamp in deionized water for 30 min [11,12].
The porous GaN/GaN stack reflector structure was transformed into a GaOx/GaN stack reflector.
The PEC-treated LED with GaOx/GaN stack structure surrounding the mesa region was defined as a
PEC-LED. The electroluminescence (EL) spectra were measured through an optical spectrum analyzer
(iHR550, Edison, NJ, USA) and the light intensity profiles were measured by a beam profiler (Spiricon,
Jerusalem, Israel).

3. Results and Discussions

The optical microscopy (OM) images of the standard-LED (ST-LED), electrochemical etch LED
(EC-LED), and photoelectrochemical oxidized LED (PEC-LED) structures are shown in Figure 1a–c,
respectively. After the EC wet etching process, the n+-GaN:Si/u-GaN stack structure was transformed
into a porous GaN/GaN reflector as shown in Figure 1b. The n+-GaN:Si layers in the stack structure
were etched to form the porous GaN layers. The laser scribing line patterns provided the wet etching
channels on the n+-GaN:Si/GaN stack structure. The porous GaN reflector in the blue light range was
observed on the mesa region. Then, the porous GaN/GaN reflector was transformed into a GaOx/GaN
reflector through the PEC oxidation process. The PEC oxidized process occurred from the LS lines and
formed the GaOx layers in the stack structure surrounding the mesa region.

 
Figure 1. OM images of (a) ST-LED, (b) EC-LED, and (c) PEC-LED were observed with laser scribing
line patterns. The mesa regions were 35 × 35 μm.

In Figure 2a, eight pairs of n+-GaN:Si/GaN stack structures were transformed into a porous
GaN/GaN stack structure using the EC etching process. The pair thickness of n+-GaN:Si/GaN was
about 102 nm. After the PEC oxidation process, the porous GaN layer was oxidized as a GaOx layer,
as shown in Figure 2b. The GaN layers in the PEC-LED structure became thinner compared to in
the EC-LED structure, indicating that part of the GaN layer was oxidized during the PEC oxidation
process. The porous GaN layers in the stack structure provided a channel for the OH- ions to oxidize
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the residual single crystalline GaN in the porous structure. The GaOx/GaN stack structure was formed
surrounding the mesa region through the lateral PEC oxidation process.

Figure 2. The SEM (scanning electron microscope) micrographs of (a) nanoporous GaN/GaN stack
structure and (b) GaOx/GaN stack structure. The GaOx layer in the PEC-LED structure was prepared
through the EC etching and PEC oxidized processes.

The EL (electroluminescence) emission images of the ST-LED, EC-LED, and PEC-LED are provided
in Figure 3a–c, respectively, at an 18 μA injection current. In Figure 3a, the uniform emission intensity
was observed in the mesa region of the ST-LED. High-EL emission intensity was observed in the
EC-LED structure caused by the formation of a high-reflectivity porous GaN reflector (Figure 3b).
In the PEC-LED structure, the high-EL emission intensity was localized in the central mesa region as
shown in Figure 3c. This occurred because the insulating GaOx layers in the stack structure formed
surrounding the mesa region after the lateral PEC oxidation process. The EL light was emitted from the
central mesa region and was extracted from the mesa sidewall region. The line EL intensity profiles of
the LED samples are observed. After the PEC process, the EL emission intensity of the PEC-LED was
localized in the central mesa region. An InGaN-based LED with GaOx current confinement structure
was produced via the EC etching process and the PEC oxidation process.

 

Figure 3. The EL emission images of (a) ST-LED, (b) EC-LED, and (c) PEC-LED observed using a beam
profiler. The line intensity profile of the LED samples were measured at an 18 μA operation current
(see bottom right Figure).
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The reflectance spectra of the LED samples were measured as shown in Figure 4a. The light
interference spectrum of the non-treated LED epi-structure was observed due to the light reflection
between the top air/GaN:Mg and bottom GaN/sapphire interfaces. The reflectivity of the ST-LED
was measured at about 20% as the reference spectrum. In the EC-LED structure, the high reflectance
spectrum was observed at 469 nm/80% and 446 nm/76%, which dipped at 456 nm/62%. After
the EC etching process, a 0.7 μm-thick InGaN LED cavity was formed between the top air/GaN
interface and the bottom porous GaN reflector. The dip wavelength in the reflectance spectrum was
caused by the light interference in the short cavity structure. In the PEC-LED structure, the peak
reflectance spectrum was observed at 464 nm/69% and 439 nm/66%, which had a dip wavelength at
451 nm/42%. The central dip wavelength shifted from 456 nm (EC-LED) to 451 nm (PEC-LED) due
to the transformation process from the porous GaN layers to the GaOx layers in the stack reflector
structure. In Figure 4b, the EL peak wavelengths and linewidth were measured at 450 nm and 19.1 nm
for the ST-LED, 448 nm/17.2 nm for the EC-LED, and 453 nm/16.5 nm for the PEC-LED structure,
respectively, at a 3 mA operation current. The EL emission intensity of the EC-LED was higher than
that of the ST-LED, caused by the formation of a highly reflective and conductive porous GaN reflector.
The EL peak wavelength of the PEC-LED slightly redshifted compared to ST-LED, potentially caused
by the thermal joule heat in the LED device at the high operating current density in the confinement
aperture structure.

Figure 4. (a) The reflectance spectral of all LED structure and (b) the EL spectra of the LED samples
measured with different embedded reflector spectra.

4. Conclusions

An InGaN LED structure with an embedded porous GaN reflector and a current-confined aperture
was fabricated through the lateral EC etching and PEC oxidation processes. The central wavelength of
the porous GaN reflector matched the EL emission spectrum. The porous GaN layers provided a large
surface area for the following PEC oxidation process. The central wavelength of the reflectors was
blueshifted by transforming the porous GaN/GaN stack structure into a GaOx/GaN stack structure.
The injection current in the PEC-LED was confined to the aperture structure by being surrounded by
insulating GaOx layers in the reflector structure. The produced PEC-LED structure with a porous GaN
reflector and a current-confined aperture surrounding by insulating GaOx layers has the potential for
nitride-based resonant-cavity LED device applications.
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Abstract: Tantalum-doped ZnO structures (ZnO:Ta) were synthesized, and some of their characteristics
were studied. ZnO material was deposited on silicon substrates by using a hot filament chemical vapor
deposition (HFCVD) reactor. The raw materials were a pellet made of a mixture of ZnO and Ta2O5

powders, and molecular hydrogen was used as a reactant gas. The percentage of tantalum varied
from 0 to 500 mg by varying the percentages of tantalum oxide in the mixture of the pellet source,
by holding a fixed amount of 500 mg of ZnO in all experiments. X-ray diffractograms confirmed the
presence of zinc oxide in the wurtzite phase, and metallic zinc with a hexagonal structure, and no other
phase was detected. Displacements to lower angles of reflection peaks, compared with those from
samples without doping, were interpreted as the inclusion of the Ta atoms in the matrix of the ZnO.
This fact was confirmed by energy dispersive X-ray spectrometry (EDS), and X-ray diffraction (XRD)
measurements. From scanning electron microscopy (SEM) images from undoped samples, mostly
micro-sized semi-spherical structures were seen, while doped samples displayed a trend to grow as
nanocrystalline rods. The presence of tantalum during the synthesis affected the growth direction.
Green photoluminescence was observed by the naked eye when Ta-doped samples were illuminated
by ultraviolet radiation and confirmed by photoluminescence (PL) spectra. The PL intensity on the
Ta-doped ZnO increased from those undoped samples up to eight times.

Keywords: zinc oxide; tantalum oxide; ZnO:Ta doped films; substitutional alloy

1. Introduction

In recent years, ZnO has become one of the most closely studied materials, due to its
very interesting properties in optoelectronic devices applications, such as room temperature
lasers [1], light emitting diodes [2,3], ultraviolet (UV) detectors [4], field-emission displays [5,6],
photonic crystals [7], solar cells [8–10], and sensing in the nano-size range [11,12]. The control of its
properties is critical in the context of novel applications. For this reason, a better understanding of the
synthesis of microstructures/nanostructures with different morphologies is important and necessary
to achieve objectives and applications on materials for the modern world [13].

Several techniques have been employed to make ZnO in thin films and nano- or microstructures;
among them are radio-frequency magnetron sputtering, pulsed laser deposition, spray pyrolysis,
and thermal evaporation flame synthesis [14–17]. The properties of the materials seem to be dependent
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on the process and technique used to synthesize them. Developing new or modified methods to obtain
those type of materials could report new insights on topics that are not yet understand for those types
of oxides.

A profitable, simple, and easily scalable method to synthesize the material the hot filament
chemical vapor deposition (HFCVD). This technique allows us to produce multifunctional structures
on a larger scale. In addition, it is possible to control the material properties by only changing the
synthesis conditions.

This technique has been used to grow a wide variety of films, including diamond [18], as well as
amorphous silicon nitride [19,20], semiconductor compounds [21], and more. Recently, the technique
has been used to grow several nanostructures of different materials, such as silicon-rich oxides [22],
nanocrystalline silicon [23], graphene [24], molybdenum selenide [25], silicon carbide [26], and zinc
sulfide [27] among others, for applications in new or improved devices, such as solar cells, sensors,
and metal oxide semiconductors (MOS) structures [18,23]. HFCVD technology is compatible with the
current silicon-based technology, and it has advantages over other methods because it can produce
materials at low cost, and on a wide substrate surface.

An important issue regarding applications in electronic and optoelectronic technologies is doping.
ZnO exhibit naturally n-type conductivity because the presence of punctual defects, such as zinc
interstitial and/or oxygen vacancies in its matrix [28,29]. P-type is not easy to obtain, due to the
compensation effect that impedes this [3,29]. However, some other properties, such as optical emission
can be changed when ZnO is doped. It is reported light emission, in the UV-visible range, can be
obtained when the material is doped with transition metals.

It has been reported that green emission occurs at around 510 nm when copper atoms are
incorporated in ZnO films [30–32]. The luminescence was ascribed mainly to the existence of oxygen
vacancies. Other transition metals when introduced to ZnO, such as Al, Li, Co, Mn, and Zn, have also
been reported to exhibit emissions in different ranges; however, the wavelengths of emission and
intensity depended on the process and technique of the growth [10,33–35]. Similarly, yellow emission
was been observed when the ZnO synthesis was performed by chemical techniques. This emission
was assigned to the existence of oxygen interstitials [36].

Ta is an atom that has been introduced in ZnO to change the properties of the material. It was
found that the Ta atoms can substitute Zn atoms in the ZnO matrix, modifying the electrical and optical
properties of the films. Some uses include photoactinic and TCO (transparent and conductive oxide)
uses, among others. However, information on the changes on the photoluminescent properties with
the incorporation of Ta in the ZnO material is missing.

To investigate on the effect of ZnO doping with Ta atoms, core-shell structures doped with
tantalum were fabricated by the HFCVD method, and the optical (photoluminescence), structural,
morphological, and electrical properties were studied and reported. By comparison, the undoped
structures were also prepared, to observe the effect of the dopant.

The results showed that the properties of ZnO core-shell structures are a bit different from those of
pure ZnO crystals. Photoluminescence (PL) intensity on Ta-doped ZnO increased from those undoped
samples by up to eight times. This effect was ascribed to a change in the morphology of the structures,
with the incorporation of tantalum in the process. The morphology of the structures in this work was
found to be modified with the incorporation of tantalum in the process; this effect increases the specific
area of the material, increasing the number of radiative centers.

Tantalum atoms do not appear to introduce additional radiative centers that contribute to the PL,
but they affect the electricals of the ZnO grains. Ta is a donor in ZnO that contributes to reduce the
resistivity of the ZnO grains in the shell. The results are in concordance with other authors.

2. Materials and Methods

Films obtained in this work were grown using a hot filament chemical vapor deposition system
(HFCVD). The experimental homemade reactor consisted of elements showed in Figure 1. As can be
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seen in the figure, the system has a 2-way valve to introduce a reactant gas into the chamber, such as
hydrogen or nitrogen; in this work, molecular hydrogen was only used as reactant to grow the films.
Also, the system has a flowmeter and a pressure valve to control gases into the chamber; in this work,
the reaction chamber was saturated with hydrogen, and the temperature in the substrate was kept
at 800 ◦C.

 

Figure 1. Schematic diagram of the hot filament chemical vapor deposition (HFCVD) homemade
system used to grown films in this work.

The reaction chamber (red box in Figure 1) consists of a cylindrical tube of quartz that was selected
to support elevated temperatures in its interior. The tube has metal caps of stainless steel and O-rings
at each end to ensure complete isolation between the inside of the tube under atmosphere, owing to
elevated temperatures, reactant gases are highly pyrophoric. Principal components inside the reaction
chamber are shown in Figure 2, and a sprinkler of stainless steel was used to fill the reaction chamber
with the reactant gas. A filament of tungsten was used to raise the temperature inside the reaction
chamber; in this work, the filament was fixed at 2000 ◦C. A pellet fabricated with a mixture of powders
of ZnO (Mallinckrodt Chemicals CAS 1314-13-2, St. Louis, MO, USA) and Ta2O5 (ALDRICH CAS
1314-61-0, St. Louis, MO, USA) was used as a precursor to obtain the ZnO and ZnO:Ta doped films.
The amount of ZnO powder was kept in 500 mg, and the amount of tantalum oxide was varied by a
percentage of 0%, 10%, 20%, 40%, 50%, and 60%, for 500 mg of ZnO, i.e., 500 mg ZnO + 0 mg Ta2O5,
500 mg ZnO + 50 mg Ta2O5, 500 mg ZnO + 100 mg Ta2O5, and so on. After having the required
weights of each powder, both powders of ZnO and Ta2O5 were mixed until a homogenous powder
was obtained. After that, each mix was 1 ton-pressed. A disk shape of 10 mm in diameter and 5 mm in
height were the result. All films were grown on a silicon n-type substrate.

The grown process was as follows: the reactor was sealed, and a flow of hydrogen was passed
twice through it; next, the hydrogen flow was maintained inside the chamber and the filament is
turned on; this process was kept by 3 min.

At a filament temperature of 2000 ◦C, the molecular hydrogen gas was dissociated into radicals
that were highly reactive, which impinged on the pellet that was used as the source to produce
intermediaries, such as Zn (vapor), Ta (vapor), and OH principally, although the additional reactions
could occur with the gas and the substrate [37]. Finally, by the reactor dynamics, the gases are
transported to the substrate where the film is obtained, optical, and structural properties of this were
studied by X-ray, SEM, energy dispersive X-ray spectrometry (EDS); the Hall Effect, and PL techniques.

The crystalline structure and the orientation of the crystallites were studied using X-ray diffraction
(BRUKER D8 with Cu Kα radiation (λ = 1.541 Å), Billerica, MA, USA); Raman spectra were taken
with a RAM HR800 Raman spectrometer (HORIBA, Les Ulis, France) equipped with an Olympus
BX41 microscope (Olympus, Tokyo, Japan); a 632.8 nm He-Ne laser was used as the excitation
source. The surface morphology and composition of the films were examined with two systems;
the low resolution was taken with a system SEM Jeol model 6610LV (JEOL Ltd., Tokyo, Japan)
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equipped with an INCA energy dispersive X-ray attached to this, and the high resolution was
analyzed with a field emission scanning electron microscope, FESEM JSM 5400LV (JEOL Ltd., Tokyo,
Japan) equipped with a NORAN energy dispersive X-ray spectrometer. The profilometry and
roughness analyses of the films were taken with a surface profiler Dektak 150 (Veeco Instruments, Inc.,
Plainview, NY, USA). Photoluminescence measurements were performed at room temperature with
a spectrofluorometer FluroMax 3 (Horiba, Ltd., Kyoto, Japan) that was equipped with an emission
detector with high sensibility and a 150 W xenon lamp to excite the samples. The electrical properties
of the films were determined with a Hall Effect system from Ecopia Company, model HMS-5000
(Ecopia, Waterloo, ON, Canada), using a magnetic field of 0.5 T.

 

Figure 2. The principal components inside of the reaction chamber.

3. Results and Discussion

3.1. Structural Characterization by XRD

The diffractograms of the films of polycrystalline zinc oxide doped with tantalum are shown in
Figure 3, and a pure spectrum of ZnO is presented as a reference. For the pure ZnO material (Figure 3a),
the presence of the diffraction peaks indicated that the material possessed a polycrystalline structure.
Three well-distinguished diffraction peaks placed at 2θ = 32◦, 34.6◦, and 36.4◦, corresponding to
planes (100), (002), and (101) were identified and matched with a hexagonal (wurtzite) ZnO crystalline
structure (pdf card 075-0576). Additionally, some other diffractions peaks could be seen at 2θ = 47.8◦,
56.8◦, 63.1◦, 68.0◦, and 69.3◦, corresponding to reflections on (102), (110), (103), (112), and (201) planes
of wurtzite ZnO structure respectively. The presence of the Zn phase was identified by the peaks
placed at 2θ = 39.2◦, 43.3◦, and 54.5◦, corresponding to planes (100), (101), and (102) of Zn in the
hexagonal phase (pdf card 004-0831).

The diffraction peaks from the ZnO:Ta samples are presented in Figure 3b–f. Some differences
can be seen from that of reference sample (Figure 3a). As can be observed, the peak of ZnO in 2θ
= 69.3◦ was could not peak in the other range; to get a better view of other peaks, we plotted the
same diffraction patterns in a range from 2θ = 30◦ to 66◦ in Figure 4. In this graphs, it was possible
to observe an additional diffraction peak arising at 2θ = 66.98◦ corresponding to the structure of
ZnTa2O6, suggesting some that Ta atoms were incorporated into the ZnO lattice (pdf card 049-0746) [38].
Because the atomic radii of Ta (0.78 Å) are very similar to Zn atoms (0.82 Å) these atoms easily replace
some zinc atoms in the ZnO network without making abrupt changes in the ZnO lattice. In us case,
a small level expansive stress in the ZnO lattice can be observed in 2θ = 63.1, corresponding to the
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plane (103); this stress caused this peak to shift to lower angles (red arrows in Figure 4c,d), but this
peak could not be observed clearly in all diffractions [39,40].

Figure 3. X-ray diffraction (XRD) patterns for (a) undoped ZnO film, and ZnO:Ta-doped films grown
with a pellet weight of (b) 50 mg, (c) 100 mg, (d) 200 mg, (e) 250 mg, and (f) 300 mg of Ta2O5.

Figure 4. Patterns for (a) undoped ZnO film, and ZnO:Ta-doped films grown with a pellet weight of
(b) 50 mg, (c) 100 mg, (d) 200 mg, (e) 250 mg, and (f) 300 mg of Ta2O5, in a range of 2θ = 30◦ to 66◦.

It is interesting to note that for the principal peak of ZnO at 2θ = 36.4◦ in Ta-doped samples
corresponding to (101), the plane changed strongly in intensity as the concentration of Ta was increased
in the process (Figure 4). This result suggests that the high content of Ta may lead to the degradation
of ZnO crystallinity. The other ZnO peaks also became small and broad, which could be an indication
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that tantalum atoms in the HFCVD process could modify the crystalline orientation of the growth, and
from here modify the film morphology.

Diffraction peaks were analyzed with software HighScore Plus of PANalytical, every profile was
approximated using a standard Caglioti function with a Pseudo-Voight profile fitting; the results are
shown in Table 1.

Table 1. Lattice parameters and crystallite size for ZnO and ZnO:Ta-doped films obtained.

Reference Name d (Å) (hkl) a (Å) c (Å) Average Crystallite Size (nm)

ZnO 2.5869 (002) 3.2406 5.1738 224
ZnO 50 mg Ta 2.4653 (101) 3.2361 5.1841 155
ZnO 100 mg Ta 1.3542 (201) 3.2401 5.1806 142
ZnO 200 mg Ta 1.3561 (201) 3.2448 5.1831 134
ZnO 250 mg Ta 1.3546 (201) 3.2407 5.1874 129
ZnO 300 mg Ta 1.3551 (201) 3.2419 5.1895 122

Analyzing the diffraction chart, it can be see the three important diffraction peaks of (100),
(002), and (101), the planes of ZnO were diminished, with the introduction of Ta in the ZnO process,
which it could mean the growth in that direction is inhibited while the growth along (201) is favored.
According to the data obtained and presented in Table 1, it can be seen that the crystallite size of ZnO
is bigger than the crystallites of ZnO:Ta doped, because when ZnO is doped with tantalum atoms,
the crystallite size decrease strongly, and after this, the crystallite size decreases slowly, in this case,
this fact could be an indication that the tantalum atoms are creating this effect.

According to the other reviewed reports, when ZnO is doped with tantalum, the crystallite
size is modified, but there is no consensus of the increment or decrement in the crystallite size in
ZnO:Ta-doped films; this fact seems to be more greatly affected by the technique used to grow the film;
even when ZnO is doped with other materials, the crystallite size sometimes increases, while at other
times it decreases [38,40,41]. For example, Bang et al. reported the effect of lithium doping in ZnO
films, they found that the (002) planes of ZnO were reduced as the Li content was increased; this was
interpreted as a degradation of the ZnO crystallinity, while an increase in the grain size was observed
as the concentration of lithium increased [42]. Also, it has been reported that the presence of metallic
zinc is associated with the existence of the core-shell structures, where the metallic zinc is the core and
the ZnO nanocrystals are comprise the shell [37].

3.2. Raman Measurements

The room temperature Raman spectra for undoped and Ta-doped ZnO in the range of 100 to
1000 cm−1 are presented in Figure 5. Three main bands were observed for pure ZnO (Figure 5a).
A peak labeled E2 (High) at 437 cm−1 is known as the active optical phonon mode. The vibrational
modes at 97 cm−1, known as E2 (LO) and 570 cm−1, known as A1 (LO), are also observable on the
spectra. The presence of the three observed vibrations, in our measurements, confirmed that the
material synthesized had wurtzite hexagonal structure [43–46].

It was reported that a broad Raman band at about 570 cm−1 may originate from defects
related to the phonon mode, O-vacancy-related stable complexes [47], zinc interstitials, or from
the disorder-activated B1 (High) silent mode [48] of w-ZnO.

It is well known that when metallic zinc particles are exposed to air or/and to an oxygen
environment, a Zn1+XO-defective zinc oxide with a Zn ion in the interstitial position is formed at
around the metallic zinc [49], and a broad Raman band with a peak centered at 560 cm−1 was seen on
the spectra. If it was assumed that the Raman band centered at 563 cm−1, as seen in Figure 5a, had a
contribution due to the formation of a defective oxide, then this result suggests us that our material
was a core-shell type, where the core was metallic zinc and the shell consisted of ZnO grains.

Moreover, the undoped and Ta-doped ZnO samples were grown under an oxygen-deficient
environment, and therefore, the synthesized material contained a great number of oxygen vacancies
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and zinc interstitials [29,50,51], and they could also contribute to the broadening of the Raman band
observed at 563 cm−1.

  

Figure 5. Raman shift from the samples of (a) undoped ZnO, and ZnO:Ta-doped films, grown with
pellet weight of (b) 50 mg, (c) 200 mg, and (d) 300 mg of Ta2O5.

Raman spectra from the Ta-doped ZnO are shown in Figure 5b–d. It can be seen that all of the
peaks were found to correspond to that from the undoped sample (Figure 5a); the only difference was
the reduction in the intensity of the E2 (high) vibration, and the broadening of both the second order
and A1 (LO) modes.

This observation could be an indication that Ta is encrusted in the ZnO matrix, and that it induces
small disorder in the lattice. The reduced intensity in the E2 (high) peak might be related to the
degradation on the crystalline quality as observed by X-ray diffraction; we can expect those tantalum
atoms, when incorporated in the film, to induce change in the bonds strength between zinc and oxygen;
therefore crystallinity is affected by this process, as have been observed in XRD results.

3.3. SEM and EDS Studies

Analysis by SEM was carried out to observe the film morphology, and the images are presented
in Figure 6. It can be seen the surface morphology changed as the percentage of Ta2O5 increased in the
pellet source. The picture for undoped ZnO film (Figure 6a) shows a morphology with a high density
of big spherical shapes, and both the density and size of these structures reduced or even disappeared
as the Ta2O5 content increased in the process (Figure 6b–f). Magnification of these samples (Figure 7)
showed the shape details of their morphology.

Micrographs taken on the Ta-doped ZnO samples (Figure 6b–f) showed that the roughness of
the surface decreased as the content of Ta2O5 was increased in the pellet source; measurements of
profilometry were taken over the surface of each film, and the results obtained showed an irregular
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surface, as can be seen in that Figure 6; the results obtained showed depths with a minimum of 10 μm
and a maximum of up to 150 μm, but surface roughness (RMS) analysis performed with this technique
showed that surface tended to form a softer surface when the amount of tantalum was greater in the
growth process; this RMS factor was plotted and it can be observed in Figure 8.

 

 

Figure 6. Results of scanning electron microscopy (SEM) 50× of (a) undoped ZnO film, and
ZnO:Ta-doped films grown with a pellet weight of (b) 50 mg, (c) 100 mg, (d) 200 mg, (e) 250 mg,
and (f) 300 mg of Ta2O5.

 

Figure 7. Zoom of 500× on the film of (a) ZnO, and (b) ZnO:Ta doped with 300 mg of Ta2O5 on pellet.

A detailed SEM image from those samples with a 500× zoom is shown in Figure 7. The surface
was composed by spheres and rods in a random form like a porous sponge. Additionally, a FESEM
analysis of Figure 7a and b displayed the same type of spherical structures, but of different size.
Some of those structures seemed hollow or even broken, showing a shell type structure, this shapes
could be observed with a high resolution for ZnO in Figure 9(a.1–a.3), and for ZnO:Ta doped in
Figure 9(b.1–b.3).

62



Crystals 2018, 8, 395

Figure 8. Roughness dependence in films obtained according to the amount of Ta in the source pellet.

 

Figure 9. High-resolution field emission (FE) SEM measurements for (a.1–a.3) undoped ZnO film,
and (b.1–b.3) ZnO:Ta-doped film in different zones of scanning, grown with 300 mg of Ta2O5 in
the pellet.

From EDS analysis carried out on undoped ZnO films, only oxygen, and zinc elements were
detected (Figure 10a). The relation of Zn/O of greater than one indicated that the material was out of
stoichiometry, which meant a zinc-rich ZnO material. Our results were in agreement with those found
by other authors for this type of systems [37,52,53].
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Figure 10. X-ray spectrometry (EDS) analysis for (a) undoped ZnO film, and (b) ZnO:Ta-doped film
grown with 300 mg of Ta2O5 in the pellet source.

EDS results on Ta-doped ZnO samples (Figure 10b) indicate that it was a Zn-rich ZnO material,
but there was also a clear contribution of the tantalum element around of 0.1% and 0.15% in atomic
percentage (±0.5% in weight), this could be owing to the fact that tantalum atoms are mainly
incorporated inside the lattice of ZnO, but no over surface of the structures obtained.

The data above could shed some light about the growth process. For undoped ZnO samples,
the spheres could be formed as follows. The atomic hydrogen impacted on the pellet source producing
OH− (gas) and Zn (gas) according to the reaction proposed in [37,39]. After that, Zn atoms condensed
in a vapor phase, and some Zn liquid drops were formed and they acted as nucleation sites, and OH
ions are attached to the surface, forming a mixture of zinc in the liquid state, covered with a thin film
of ZnO (solid), and they were deposited on the substrate, where it eventually coalesced and this drop
increased in size. Further, due to the presence of OH, the zinc oxide cover increases in thickness, and a
core(liquid)–shell(solid) structure was formed because of differences in the melting points 420 ◦C and
1975 ◦C for zinc and ZnO respectively.

As the growth was performed at a high temperature, the nuclei remained in a liquid state,
producing a Zn gas pressure, due to the vapor–liquid equilibrium, and the Zn atoms diffused through
the grain boundaries of the shell to release the internal pressure. Eventually the shell broke and Zn gas
escaped, producing holes on the shell, as seen in Figure 9. This effect has been reported in the literature,
and concentric core-shell (Zn/ZnO) balls have been synthesized by oxidizing ZnO powders at low
temperatures in air, followed by annealing at temperatures above the zinc melting point [39,54,55].

The existence of this crystalline zinc forming the core were detected by X-ray diffraction results
(Figure 3) and by EDS, where it obtained a relation Zn/O of 69% at 31%, this means a zinc-rich
ZnO material.

On the other hand, for Ta-doped ZnO samples; the formation of these structures could be
explained as a similar form as undoped but instead of forming Zn liquid drops, it forms Zn–Ta
alloy liquid drops. Because the difference of the fusion point between Zn (420 ◦C) and Ta (2996
◦C) the properties of the alloy changes and it can affect the size and form of the deposited material,
as seen in the sequence in Figure 6b–f. The higher the percentage of Ta2O5, the small structures are
obtained. The shell is composed of small polyhedral crystals of ZnO material according to SEM, X-ray,
and Raman measurements.

The crystals forming the shell were also affected by the introduction of Ta, as can be observed
from FESEM in Figure 11b. The ZnO composing the shell had sheet-like polycrystalline shapes with a
smaller crystallite size than the undoped ZnO (see Table 1).

The effect of both the decreased grain size and the change in the shape of the crystals in the
ZnO:Ta-doped films was also observed and reported by different authors [40,41,56–58], and it was in
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agreement with our experiments. This effect could be owing to the fact that tantalum atoms create
a compression stress inside the lattice of ZnO, and they prevents an increase in these big shapes,
as generated by the difference of ionic radii between Zn and Ta, as commented before in the XRD
results. In fact, this phenomenon also has been observed when ZnO is doped with tantalum by other
techniques [56], or when ZnO is doped with other materials such as aluminum and lithium [35,42].

 

Figure 11. FESEM measurements on the shell from (a) undoped ZnO film, and (b) ZnO:Ta-doped film
obtained with 300 mg of Ta2O5 in the pellet.

The synthesis of smaller structures means that somehow, the relation between the surface/volume
of the film will increase, and this fact will be reflected in an increment of reactions between the existing
species on the surface of structures, and also a possible increment in the adsorption and resorption
of the species in these kind of porous films, and moreover, an increment of cations or anions on
the surface of the film, as has been reported in other works; in fact, the role of the surface area has
been observed to affect various mechanisms such as gas sensors, biological cells, and the effects of
fluorescence emission [28,59–61].

3.4. Photoluminescence

The photoluminescence (PL) technique is a useful way to obtain information about the energy
states of the impurities and defects of a material. Figure 12 shows the PL properties from our samples.
As can be observed in that figure, all films exhibited two main bands, one sharp curve of around
380 nm, and another one with a more widened curve centered around 495 nm and extending from
425 nm to 625 nm. The PL intensity first increased as the percentage of Ta increased, and after that
it decreased.

Photoluminescent emissions in ZnO were grouped into two main bands denominating the
emissions near-band-edge (NBE), and deep-level emissions (DLE) corresponding to the transition
band-to-band and the transition through to the deep centers, with energy levels in the forbidden gap,
respectively. Emissions NBE in ZnO have been attributed to free excitation recombination, and they
are observed at around the ultraviolet range.

Nevertheless, emissions DLE in ZnO have been assigned to the presence of various point defects,
either intrinsic or extrinsic, which introduce deep levels in the bandgap and are assumed to be
responsible for PL band broadening in the range between the blue and red emission [3,28,29,34,62].

As can be seen in Figure 12, the main PL band is the DLE band, and it increases in intensity by
up to 60% as the Ta2O5 is incorporated into the growth process, and after that it reduces. Moreover,
all bands are peaked at the same wavelength, independently of the percentage of Ta2O5, which means
the doping with Ta does not seem to play a role in the generation of radiative deep centers other than
for those of pure ZnO.
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Figure 12. Photoluminescence spectra of (a) ZnO film and ZnO:Ta-doped films with (b) 10% Ta2O5,
(c) 20% Ta2O5, (d) 40% Ta2O5, (e) 50% Ta2O5, and (f) 60% Ta2O5 in the pellet source.

To investigate the possible origin of the green luminescence observed in this type of films,
many reports that try to describe this phenomena exactly, were reviewed, but there is no consensus,
as the green emission has been observed on several films doped with Cu or Co atoms, on films
with zinc vacancies (VZn), oxygen vacancies (VO), interstitial zinc ions (Zni), oxygen antisites (OZn),
and transitions Zni→VZn, for these reasons, researchers came to the conclusion that this emission is
a combination of several deep levels [62]. For example, in reference [63], it was reported that when
ZnO films were annealed at temperatures higher than 800 ◦C, oxygen vacancies and zinc vacancies
are generated, producing green emissions at 490 and 530 nm. In addition, a good correlation between
the green emission and singly ionized oxygen vacancies was observed in commercial ZnO powders,
annealed in forming gas (N2:H2) or O2 at temperatures ranging from 500 to 1050 ◦C [64].

By other side, has been reported that either zinc vacancy and oxygen vacancy could contribute
to green emission through shallow donors, and even Rodnyi and Khodyuk [62] reported that it is
possible to assume the existence of donors with two levels (ground level and excited one) instead of
two kinds of shallow donors. It has also been observed that in films of ZnO with an excess of oxygen,
the maximum of the green luminescence is around 2.35 eV, and that zinc vacancies are responsible
for the emission, but in ZnO films with an excess of zinc, the maximum of luminescence is around
2.53 eV, and in this case, oxygen vacancies acting as deep acceptor centers are responsible for the
observed emission.

In our case, the DLE emission observed was centered at 2.53 eV, and according to the results
presented above, the films contained both zinc in excess and oxygen vacancies; therefore, those defects
could be involved in the PL phenomena.

As can be observed in Figure 12, all DLE emissions obtained in these films were centered at
2.50 eV (495 nm), and except for curve f, all films presented a broadening from 414 nm to 630 nm,
and as mentioned above, the most intense peak could be attributed mainly to oxygen vacancies,
and the broadening of curve could be assigned to a combination of different deep levels, either intrinsic
or extrinsic.

Tantalum atoms introduced shallow donors in ZnO and modified its electrical conductivity, but in
this case, those centers did not seem to play any effect on the PL phenomena, because zinc interstitials
and oxygen vacancies are the defects involved in the PL phenomena.
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Because the effect of the introduction of Ta atoms in ZnO is to increase the ratio of the volume to
surface area as the structures area become smaller, the increase on the PL intensity could be attributed
to a variation in the surface area of these films, as has been shown in the SEM section.

3.5. Hall Measurements

It is well-established that ZnO has natural type-n conductivity because of the formation of intrinsic
defects, such as oxygen vacancies and zinc interstitials, during the synthesis. Oxygen vacancies can
be easily formed and can contribute with two free electrons to the conduction band. However, it has
been shown that those defects are actually deep donors, and they cannot contribute to the n-type
conductivity. Therefore, zinc interstitials seem like the most probable defect acting as a donor in
undoped ZnO films.

Carrier concentration, mobility, and the resistivity of films measured by the Hall–Vander Paw
technique, are presented in Figure 13. The majority carrier mobility first increases up to a maximum
value, and afterwards it reduces, as the Ta2O5 percentage is increased in the growth, while the carrier
concentration increases as the Ta2O5 percentage increases.

(a) 

 
(b) 

Figure 13. Electrical characterization of ZnO- and ZnO:Ta-doped films: (a) carrier concentration and
mobility, and (b) resistivity.
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The minimum value of the carrier concentration is for undoped samples (Figure 13a); therefore,
the increase of the concentration was for the incorporation of the Ta atoms in the Zn positions of ZnO,
and they contributed with electrons to the conduction band. The carrier concentration increased as the
amount of Ta2O5 was incremented in the source pellet; this could be a clear reason for the increment
in carrier concentration in ZnO:Ta-doped films, since if a tantalum atom replaces a zinc atom, this
tantalum could have an oxidation state of Ta1+, Ta2+, or Ta3+ with regards to Zn; this means that
tantalum is capable of contributing with free electrons.

The mobility (Figure 13a) initially increased, with Ta2O5 reaching a maximum value in the film
fabricated with 50 mg of Ta2O5 in the source; after that, it started to decrease. This effect has also been
observed by Subha et al. [57,58], and is attributed to an excess of carriers in the ZnO lattice. A small
increment observed in mobility, was owing to a high number of free carriers that were generated by
tantalum atoms, and the relatively greater crystal size of the shell. Nevertheless, this mobility was
reduced as the carrier concentration increased, because this carrier created a high number of collisions
between them, besides the increase in the number of grain boundaries, due to a reduction in the crystal
size in the shell. There are reports of ZnO with other dopants, in which it has been observed that
foreign atoms inside the lattice of ZnO could act as charge trapping sites [33,42], which prevents the
mobility of these free chargers. In our case, Ta atoms could be creating a similar effect, and therefore,
the mobility in our films decreases with the amount of Ta2O5 in the source pellet.

With regard to the resistivity of the films, it can be appreciated in Figure 13b that initially for
ZnO film, this had the highest value, but when these were doped with tantalum atoms, resistivity was
around 0.5–1.0 Ωcm, but this tended to decrease, and this effect was attributed to an excess of carriers
generated by donors from Ta atoms incorporated in the ZnO lattice.

For the conduction process in these type of films and to attempt to explain the results above the
following, a model is proposed in Figure 14.

 
Figure 14. A model of conductivity through the crystal in the film. Two possible paths for conduction:
intergrain (R1) and through the volume of the grains (R2).

First of all, we consider that the conduction of carriers in core shell structures could be a bit
different from the pure crystals. As seen in the SEM pictures (Figure 9), the core shell structures were
composed by a metallic core, and a shell formed by the oxide crystals. Due to the high temperature of
the processes (above of the melting point of the zinc ~420 ◦C), the zinc atoms diffused through the
grain boundaries to release the internal pressure, creating zinc-rich regions between grains. These zinc
atoms became suboxides with a higher concentration of zinc interstitials at the surface than in the
grain volume. The effect created a surface path for electric conduction, while the grain volume with
lower concentrations of interstitials had a low contribution to the conductivity.

When tantalum was introduced into the ZnO matrix, the concentration of the carriers in the
volume increased, and the grain was capable of being a transport carrier, and the resistivity of the film
decreased, as shown in Figure 13.
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4. Conclusions

ZnO- and ZnO:Ta-doped films were obtained through a HFCVD approach; the films were been
obtained at 800 ◦C under a hydrogen atmosphere; the pellet source was fabricated with a powder
mixture of ZnO and Ta2O5. The films obtained were studied for their structural, morphological,
compositional, optical, and electrical properties; Ta atoms were incorporated into the ZnO wurtzite
structure but they did not affect this crystal lattice, owing to the substitution of the Zn atoms with
the Ta atoms, and these possess similar atomic radii; nevertheless, the Ta atoms tended to the growth
direction (201) of ZnO. Raman spectroscopy confirms a majority contribution of ZnO in lattice, but Ta
was not observed by this technique. According to EDS, from the films obtained, both ZnO- and
ZnO:Ta-doped films are Zn-rich, but tantalum is present at a low concentration, though tantalum plays
an important role in the morphological structure, and the roughness decreases as the amount of Ta
is increased in the pellet source, and on the other hand, the density of the big sphere shapes tended
to disappear; moreover, this technique confirms structures of a core–shell type. Photoluminescence
studies reveal that the films obtained emit in a range of the green visible spectra, this effect mainly
being due to oxygen vacancies; the tantalum atoms did not seem to play an important role in the
creation of new centers of generation/recombination, but only in the intensity of emission observed
in 495 nm; this was owing to the increment in the surface area of the films. Electrical measurements
show that the films obtained are n-type, and that the tantalum atoms incorporated into the lattice of
ZnO are contributing with a donor, increasing the carrier concentration as Ta is increased in the film;
the resistivity and the sheet resistance also decrease when there is a greater amount of tantalum in
the film.
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Abstract: The single-mode microring resonators on lithium niobate thin films were designed and
simulated using 2.5-D variational finite difference time domain mode simulations from Lumerical
mode Solutions. The single-mode conditions and the propagation losses of lithium niobate planar
waveguide with different SiO2 cladding layer thicknesses were studied and compared systematically.
The optimization of design parameters such as radii of microrings and gap sizes between channel
and ring waveguides were determined. The key issues affecting the resonator design such as free
spectral range and Quality Factor were discussed. The microring resonators had radius R = 20 μm,
and their transmission spectrum had been tuned using the electro-optical effect.

Keywords: microring resonator; integrated photonic; varfdtd; electro-optical; LNOI

1. Introduction

Lithium niobate (LiNO3, LN) is one of the most promising materials because of its excellent
electro-optical, piezoelectric, pyroelectric, photo-elastic and non-linear properties [1]. Due to the high
electro-optical coefficient (γ33 = 31.2 pm/V) in LN, highly efficient electro-optical modulator in such
material is very promising and always an interesting topic in optical interconnect technology [2]. In last
ten years, high-refractive-index contrast, which is LN thin film on a low refractive index SiO2 cladding
layer or other substrates (lithium niobate on insulator, LNOI) has emerged, as it is compatible with the
silicon on insulator (SOI) manufacturing technology [3]. LNOI is an interesting platform for integrated
photonics due to the good confinement and strong guiding of light [4].

The microring resonator is one of the important elements in integrated photonic systems.
Optical microring resonators are the promising candidates for a variety of applications, including
wavelength filtering, multiplexing, switching and modulation [5–7]. The basic structure of the
microring resonator consists of a channel and a ring. The microring resonators have been designed on
various types of materials such as silicon [8], germanium-doped silica-on-silicon [9], polymers [10],
lithium niobate [11–13] and so forth. The utmost waveguide width with the single-mode behavior is
the optimum condition, because no higher order modes were excited and the fundamental mode had
the highest light confinement [14]. Therefore, the single-mode condition in the waveguide should be
fulfilled in order to prevent signal distortion during transmission. Many articles have reported the
fabrication of microring resonators in LN on insulator [11–13] and simulation of microring resonators
in SOI [15,16], but few reports have involved the simulation of single-mode microring resonators
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in LNOI in the literature so far. Therefore, a search for the simulation and analysis of single-mode
microring resonators in LNOI seems to be important. Our work has focused on LNOI-based devices in
order to obtain a high Quality Factor (Q-factor) and wide free spectral range (FSR) that are crucial in
developing ultra-compact integrations of planar lightwave circuits [4,17,18].

In this paper, we presented results from finite difference time domain (FDTD) numerical
simulations. Key optical design parameters of laterally coupled LNOI-based microring resonators
were characterized using 2.5-D variational FDTD (varFDTD). Waveguide simulations based on
full-vectorial finite difference method were performed by varying the geometrical parameters of
waveguide configurations to investigate the single-mode conditions and the propagation losses of
LN planar waveguides at different SiO2 cladding layer thicknesses. In order to obtain an improved
wavelength filtering, we performed the optimization for the design parameters which includes ring
radii and gap sizes. These parameters affected FSR and Q-factor directly. As a very important element
for practical application we described the electro-optical tunable microring resonators on LNOI.

2. Device Description

The material of the device studied in this paper was a z-cut LN thin film stuck to SiO2 cladding
layer deposited on a LN substrate. The schematic of a microring resonator is shown in Figure 1.
The modulator consisted of a ring resonator made by the z-cut LN thin film, which was coupled to a
channel. If the signal was on-resonance with the ring, then that signal coupled into the cavity from
channel. The device parameters such as ring radii and gap sizes between channel and ring resonator
were optimized to have the optimum characteristics.

Figure 1. A schematic of the waveguide-coupled microring resonator on LNOI.

The varFDTD method with perfectly matched layers boundary conditions (PML) in this work
could show how to design and simulate a microring resonator using the finite difference eigen (FDE)
mode solver to achieve a desired FSR and Q factor for a LNOI based. The varFDTD method was a
direct time and space solution for solving Maxwell’s equations in complex geometries. By performing
Fourier transforms, such as the Poynting vector, normalized transmission, and far field projections
could be obtained. PML boundaries could absorb electromagnetic energy incident upon them, allowing
radiation to propagate out of the computational area without interfering with the field inside [19].
The total ring loss was due to the bend loss and other scattering losses at the coupling region. For the
high index contrast wave-guides we were considering, at wavelengths around 1.55 μm, the propagation
loss and bend loss were small. For this analysis we would neglect all losses, but the different loss
contributions could easily be considered in a more detailed analysis [20].
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3. Results and Discussion

The high refractive index difference between the LN (no = 2.2129 and ne = 2.1395 at
λ = 1.55 μm) [21] and the SiO2 (n = 1.46) required the waveguide thickness and the waveguide width
to be smaller than a limiting value to achieve single-mode operation. The single mode conditions had
been firstly simulated.

We had calculated the modal curves at λ = 1.55 μm for LN ridge waveguides with 0.7 μm width
on SiO2 layer. The effective index dependence on the thickness is presented in Figure 2. The first
order mode of the transverse electric (TE) and transverse magnetic (TM) modes appeared at the LN
thicknesses of 0.86 μm and 0.84 μm, respectively. To ensure that only one electric field intensity peak
was supported in the vertical direction of the LN thin film, the thickness of LN thin film should be less
than this critical value. In the following simulation, the thickness of LN thin film was all selected as
0.5 μm.

Figure 2. Effective index of the TE (solid lines) and TM (dashed lines) modes in LN waveguides
as a function of the film thickness for a waveguide with 0.7 μm width; the modes were calculated
at λ = 1.55 μm.

The dependence of the effective index on the waveguide width, assuming a 0.5-μm thick
waveguide is shown in Figure 3. The curves showed the boundary between the single-mode and
multi-mode conditions. For LN ridge waveguides, the single mode conditions of the TE and TM
modes were 1.08 μm and 1.04 μm, respectively. In the following simulations, the widths of LN ridges
were all selected as 0.7 μm to ensure that only one mode was supported in the LN thin film.
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Figure 3. Effective index of the TE (solid lines) and TM (dashed lines) modes in LN waveguides as a
function of the width for a 0.5 μm thick film. The modes were calculated at λ = 1.55 μm.

The SiO2 layer worked as the cladding layer with a thickness of a limiting value, which was
sufficiently thick to prevent the field penetration into the bottom layer. The propagation losses of LN
planar waveguide with the different SiO2 layer thicknesses are shown in Figure 4. The propagation
losses descended with increasing SiO2 cladding layer thicknesses. At the same SiO2 layer thickness,
the propagation losses of TE modes were less than those of the TM modes. The diffracted field
radiated in the transmission of light, some power was lost into the substrate, but the structure of
LN-SiO2-Au had a metal bottom reflector, the power transmitted to the substrate was reflected by the
Au bottom reflector, which resulted a decrease of the propagation losses [22]. The propagation losses
of LN-SiO2-Au were less than those of LN-SiO2-LN at the same SiO2 layer thickness. At a SiO2 layer
thickness of 2 μm, the LN planar waveguide losses were all less than 10−3 dB/cm, which is negligible.
Therefore, the thicknesses of SiO2 layer were all selected as 2 μm in the following simulation.

Figure 4. The propagation losses of LN planar waveguide with the different SiO2 layer thicknesses.

A critical dimension in this optical structure was the gap separating the ring from the tangential
waveguide. The gap size determined the input and output couple ratios of the microring resonator,
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which determined the magnitude of the finesse and the at-resonance transmittance in turn. In the case
of a microring coupled to channel, the gaps were very small due to the strong optical confinement and
the small coupling interaction length [14].

Because the FSR defined as the separation between two adjacent resonant wavelengths, increased
and might become even larger than the wavelength range used for wavelength division multiplex
(WDM) applications. However, one of the most critical factors limiting the minimum useful ring radius
was the bending loss. These could be qualitatively understood by describing the bend as a straight
waveguide, while the effective index was decreasing function in the radial direction. This implied
that at a certain distance from the waveguide core, the solution of the Maxwell equations became a
radiating field; this radiation was a loss source, as in a leaky waveguide [11].

Using varFDTD, we have calculated Q-factor, bending loss and FSR for a single-mode waveguide
at different ring radii and gap sizes (channel and ring width w = 0.7 μm, λ = around 1.55 μm).
The results are shown in Figures 5 and 6. According to the Figure 5a, when the radius was smaller
than 20 μm, the Q-factor significantly ascended with increased radii, while it was larger than 20 μm,
it preserved almost unchangeable values. We also observed that Q-factor ascended with increasing
gap sizes and the TE and TM modes showed different results in terms of the achievable Q-factor for
this geometry. In the case of gap = 0.29 μm, a Q-factor more than 10,000 was achieved for the TE mode
whilst for the TM mode the Q-factor was significantly smaller ~2000. Figure 5b shows Bending loss
descended with increasing ring radius, and the bending losses are very low as the radii more than
20 μm. Loss in practical structures would inevitably come up for the following two reasons: on one
hand, the scattering by the residual roughness of the etched walls of the photonic wires [17], on the
other hand, the modal mismatch at the interface between SiO2 layer and LN thin film [23]. However,
the losses of the LN waveguides could be reduced as much as possible by optimizing the fabrication
process of waveguides. At 1590 nm wavelength, the propagation losses of sub-wavelength scale LN
waveguides could be as low as 2.7 dB/m by Ar+ ion etching [12]. As shown in Figure 6, FSR descended
with increasing ring radius. Both TE and TM modes achieved the largest FSR for the ring with the
smallest radius 3 μm. When the radius was larger than 40 μm and the gap size was 0.1 μm, the FWHM
(full-width at half-maximum) of the dip was close to the FSR, the dip became less obvious. Because
the effective index of TE mode was larger than that of TM mode, the Q-factor of TE mode was greater
than that of TM mode, and FSR of TE mode was less than that of TM mode.

Figure 5. (a) Q-factor of microring resonator as different ring radii for different gap sizes, (b) Bending
loss variation as bending radius. The modes were calculated at λ = around 1.55 μm.
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Figure 6. FSR of microring resonators as different ring radii. The modes were calculated at λ = around
1.55 μm.

The electro-optical properties of LN microring resonator have been simulated by applying a static
electric field to the device electrodes to shift transmission spectrum. In Figure 7, a LN microring
resonator is embedded in the middle of SiO2 layer, and the electrodes are placed over below and above
the SiO2 layer. A tuning range of microring resonators depend on the strength of the electro-optical
effect. However, the electric field achieved in the LN film was relatively weak because the upper
and lower cladding materials exhibited one order of magnitude smaller dielectric constants. Due to
the large difference between the dielectric constant of the LN thin film (εLN = 28.5) and the SiO2

(εSiO2 = 3.9), the field in the LN thin film was considerably far less than in the SiO2 layer. The field in
the two layers could be calculated from the applied voltage ΔV using the continuity of the vertical
component of the electric displacement field D:

ELN dLN + ESiO2 dSiO2 = ΔV, (1)

D = ε0 εLN ELN = ε0 εSiO2 ESiO2 = const, (2)

dLN and dSiO2 were the thicknesses of LN thin film and SiO2 layer, which have been determined.
Therefore, the electric field in the LN thin film layer is given by Equations (1) and (2).

Figure 7. The LN microring resonator was embedded in the middle SiO2 layer, and the electrodes were
placed over below and above the SiO2 layer.
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Optical transmission simulations were performed to characterize the electrical tuning of optical
resonances. To observe the electro-optic effect, an electric field applied between the top and the bottom
electrodes by applying different direct current (DC) voltages was considered uniform. Figure 8 shows
the simulated TM-mode spectrum as a function of different electric field intensities. The resonance
wavelength shifted ascending with increasingly electric field intensity. The resonance shifts were
99 pm, 198 pm, 297 pm, and 395 pm for the chance in different electric field intensities from 0 V/μm to
1 V/μm, 2 V/μm, 3 V/μm, and 4 V/μm, respectively.

Figure 8. Transmission spectra of wavelength shift due to different electric field intensities in the
Z-direction. The calculations referred to the TM mode at the microring radius R = 20 μm.

4. Conclusions

In conclusion, a VarFDTD method was used to design and simulate various waveguides and
waveguide-coupled single-mode microring resonators in z-cut LNOI. Single mode conditions were
obtained. The propagation losses of LN planar waveguides were calculated by full-vectorial finite
difference method. The propagation losses of LN planar waveguides decreased with the increase of
the SiO2 cladding layer thickness. The thickness of LN Film, width of ridge waveguide and thickness
of SiO2 layer were optimized to 0.5 μm, 0.7 μm and 2 μm, respectively. Q-factor ascended with
increasing radius and gap sizes, while FSR descended with increasing radius. A microring resonator
with Q-factor more than 10,000 and FSR more than 8 nm was achieved in the case of gap = 0.29 μm
and radius R = 20 μm. Our simulation showed that the resonance wavelength of the electro-optical
microresonators in LNOI shifted ascending with increasingly electric field intensity. This work will
continue with fabrication and characterization. For this purpose, the results provided here will be of
useful guidance before laboratory works are carried out.
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Abstract: Hafnium oxide (HfO2) thin films have been made by atomic vapor deposition (AVD)
onto Si substrates under different growth temperature and oxygen flow. The effect of different
growth conditions on the structure and optical characteristics of deposited HfO2 film has been
studied using X-ray photoelectron spectroscopy (XPS), Rutherford backscattering spectrometry (RBS),
grazing incidence X-ray diffraction (GIXRD) and variable angle spectroscopic ellipsometry (VASE).
The XPS measurements and analyses revealed the insufficient chemical reaction at the lower oxygen
flow rate and the film quality improved at higher oxygen flow rate. Via GIXRD, it was found that
the HfO2 films on Si were amorphous in nature, as deposited at lower deposition temperature,
while being polycrystalline at higher deposition temperature. The structural phase changes from
interface to surface were demonstrated. The values of optical constants and bandgaps and their
variations with the growth conditions were determined accurately from VASE and XPS. All analyses
indicate that appropriate substrate temperature and oxygen flow are essential to achieve high quality
of the AVD-grown HfO2 films.

Keywords: hafnium dioxide (HfO2); X-ray photoelectron spectroscopy (XPS); Rutherford
backscattering spectrometry (RBS); grazing incidence X-ray diffraction (GIXRD); variable angle
spectroscopic ellipsometry (VASE)

1. Introduction

A variety of transistors is beneficial to enhance the function and performance of the integrated
circuit (IC). The IC transistor’s channel length and gate dielectric thickness and other device dimensions
shrink rapidly. However, the conventional silicon dioxide (SiO2) gate dielectric is a constraint because
the direct tunnel leakage current and the rate of dissipation increase with the decrease of layer
thickness [1–5]. Accordingly, new materials with the high dielectric constant (high-k materials)
replacing SiO2 as gate dielectrics are developed, in order to improve the device performance and
reduce the leakage currents [2–5].
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Many high-k materials have been used as gate oxide, such as HfO2, ZrO2, Y2O3, La2O3, Si3N4,
TiO2, and Al2O3. Hafnium dioxide (HfO2) possesses promising properties of high dielectric constant
(k ~25), relatively wide bandgap of around 5.8 eV, a good thermal stability [5], a high breakdown
electric field (5 MV/cm), and good thermal stability on Si substrate [2]. Therefore, HfO2 has been
the dielectric material in processor transistors for more than ten years already, and is an excellent
material for metal oxide semiconductor (MOS) based microelectronic devices [3], resistive switching
material in memory devices [4], and in optical coatings [2]. As such, it has been studied extensively
both experimentally and theoretically [1–24]. However, in electronic applications, the frequent coercion
of stoichiometric deviations exists on thin films of HfO2 which are typically sputtered or grown by
atomic layer deposition (ALD) [2,6]. Atomic vapor deposition (AVD), as a special MOCVD process
mode, is used to deposit pure HfO2 at a wide range of temperatures [7], and enables high gas-phase
saturation of the precursors, high growth rate, and full stoichiometric control of films [8]. We mainly
analyze the effect of different growth conditions on the structure, and the stoichiometric and optical
characteristics by using AVD for HfO2 thin films.

In this paper, a series of nanometer scale (33–70 nm) HfO2 thin films grown on Si substrates
under different conditions by AVD are studied. With the help of X-ray photoelectron spectroscopy
(XPS), Rutherford backscattering spectrometry (RBS), grazing incidence X-ray diffraction (GIXRD),
and variable angle spectroscopic ellipsometry (VASE), the composition, crystallization phases,
and optical constants of the films are characterized and penetratively studied from surface to interface.

2. Materials and Methods

Firstly, the p-type (100) silicon wafers were cleaned by HF-dipping. Then, HfO2 films with
different thicknesses of about 30–70 nm were deposited by atomic vapor deposition (AVD) using an
AIXTRON Tricent system with oxygen flow of 500 sccm and 800 sccm at a substrate temperature
of 400 ◦C and 500 ◦C. Hafnium diethylamide, Hf[N(C2H5)2]4, was the source material for the AVD
of HfO2 [9]. Argon was used as transmission gas with flow rate of 200 sccm, and the total pressure
in the chamber was fixed at 5 mbar and the injection frequency is 3 Hz, as in another previous
growth procedure [10]. Further details for the growth of HfO2 can be found there [9,10]. In this study,
three kinds of HfO2 films were prepared on 2” Si wafers by AVD, with thicknesses of approximately
70, 33, and 34 nm, respectively, which were measured via transmission electron microscopy (TEM).

Three samples of S1, S2 and S3 with the original run numbers of Hf08a, Hf08b and Hf08c,
respectively, their information, and growth conditions, are listed at Table 1.

Table 1. Growth conditions and measured thicknesses of HfO2 thin films by TEM, from the grower.

Sample Structure Growth Conditions Thicknesses

S1 (Hf08a) HfO2/Si 400 ◦C, 5 mbar, O2: 500 sccm 70 nm
S2 (Hf08b) HfO2/Si 500 ◦C, 5 mbar, O2: 500 sccm 33 nm
S3 (Hf08c) HfO2/Si 500 ◦C, 5 mbar, O2: 800 sccm 34 nm

XPS (also known as electron spectroscopy for chemical analysis—ESCA) uses highly focused
monochromatic X-ray to probe the material of interest. The energy of the photoemitted electrons
ejected by the X-rays is specific to the chemical state of the elements and compounds presented, i.e.,
bound state or multivalent state of individual elements can be differentiated. In this work, the chemical
states in the surface region of HfO2 thin films deposited on Si substrate were studied by XPS, with the
incident Al Kα beam at the energy of 1486.6 eV. For the thin films analyzed, all the energy scales of the
XPS spectra were calibrated by the binding energy (B.E.) of the C 1s peak at 285.0 eV [11]. Afterward,
the selected peaks are fitted by the fitting program XPSPEAK4.1. The energy bandgap values of thin
oxides can be determined from the photoelectron loss-energy spectra calculated from the XPS O 1s
peaks [25,26].
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Rutherford backscattering spectrometry (RBS) was employed to determine the contents of films
nondestructively. The random spectra of films are recorded via RBS, and simulated with the software
of simulation of ions in matter and nuclear reaction analysis (SIMNRA) [12]. The crystal structure
phases of films were scanned by grazing incidence X-ray diffraction (GIXRD) with Cu Kα radiation
(0.15418 nm). The diffraction angle, 2θ, was varied from 20◦ to 52◦, and incident angles were set as 0.5◦,
1◦, 3◦, and 5◦, respectively. The crystallite size of HfO2 thin film of S2 and S3 with different incident
angles has been calculated.

The variable angle spectroscopic ellipsometry (VASE) measurements were performed by a dual
rotating compensator Mueller matrix ellipsometer (ME-L ellipsometer, Wuhan Eoptics Technology Co. Ltd.,
Wuhan, China) in the spectral range from 195 to 1680 nm (0.74–6.35 eV) with 1 nm step interval at five
angles of incidence (45◦, 50◦, 55◦, 60◦, 65◦, 70◦). We adopt the Tauc–Lorentz dispersion function to
extracted dielectric functions [13–16]. The analyses of VASE experiment data helped us to fit out the
optical constants, the optical bandgaps, as well as information on thickness and roughness of HfO2

thin films.

3. Results and Discussion

3.1. X-ray Photoelectron Spectroscopy (XPS)

3.1.1. XPS Survey Scan

XPS survey scans were performed for all three HfO2 samples. Figure 1 shows such a typical wide
survey scan for a sample S3 (Hf08c). The characteristic peaks of Hf (4f, 4d, 4p), O 1s, C 1s, N 1s, and O
KLL (Auger peaks) are observed in the general survey spectra. None of contamination species have
been observed within the sensitivity of the instrument expecting the adsorbed atmospheric carbon and
nitrogen on the surface [11].

 

Figure 1. XPS survey scan of the HfO2 film of the sample S3.

3.1.2. XPS Fitting and the Elements Composition Calculating

High-resolution XPS scans on the Hf 4f and O 1s peaks were performed for three HfO2 films,
as shown in Figure 2a–c. We focus on the analyses of the asymmetric shape of the Hf 4f and O 1s spectra
to reveal the relative atomic percentage and bonding phase in the surface region. The background
subtraction was carried out using Shirley’s iterative method. The baseline of background is a
combination of Shirley and linear function. The fitting program XPSPEAK4.1 was used to fit the
experimental curves with a Gaussian–Lorenzian mixed function [17]. From the Hf 4f doublet, Hf 4f7/2
and Hf 4f5/2, the spin-orbit splitting and the intensity ratio of the components were set at 1.67 eV and
4/3, respectively [18].

Details of the Hf 4f fine spectra of three samples are shown in Figure 2a–c, respectively. The Hf 4f
spectrum could be fitted with two sets of double-peak components. One set at 17.16 eV and 18.83 eV

83



Crystals 2018, 8, 248

correspond to the Hf4+ 4f7/2 and Hf4+ 4f5/2 peaks of the Hf oxide bond (O–Hf–O), respectively [11].
While another set at 16.50 eV and 18.26 eV correspond to the Hfx+ 4f7/2 and Hfx+ 4f5/2 peaks (x < 4)
of the Hf suboxide bond, respectively [19,20]. It is obvious that the doublet peaks of the suboxidized
Hfx+ are stronger than those of the fully oxidized Hf4+ from the Figure 2a,b. However, the situation is
opposite in Figure 2c. The full width at half maximum (FWHM) of fitted peaks are shown in Table 2.
In comparison, the corresponding FWHMs of the Hf4+ in Figure 2a,b are wider than that in Figure 2c.
This increased width was caused from the presence of a higher degree of disorder in the deficient
films or from the coexistence of tetragonal and monoclinic phases with small differences in binding
energy [18]. Our GIXRD data also support this scenario, with discussion in Section 3.3.

 

 

 

Figure 2. The high-resolution XPS fitting results of the Hf 4f peaks of S1, S2, and S3 are shown in (a–c),
respectively, with experiment data (short dash lines), fitting result (red solid lines) and background
(chartreuse solid lines).

A number of factors could lead to the binding energy shifts, such as charge transfer effect,
environmental charge density, presence of electric field, and hybridization. Among these factors,
charge transfer causing a binding energy shift is regarded as the dominant mechanism for the S2
and S3, with different oxygen flow rates in growth conditions [21]. According to the charge transfer
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mechanism, an electron removed from the valence orbital generates the increment in core electron’s
potential, and finally leads to a chemical binding energy shift [22]. The difference between the sample
S2 in Figure 2b and the S3 in Figure 2c is attributed to the difference of the oxygen flow rates. In the
deposition process of the S3, Hf oxide bonds were dominate over Hf suboxide bonds, due to the excess
oxygen at 800 sccm oxygen flow rate. On the contrary, the sample S2 with 500 sccm oxygen flow
rate exhibited a reverse trend: Hf suboxide bonds dominating over Hf oxide bonds. Therefore, it is
reasonable that the peaks shift, from 16.60 to 17.02 eV for Hf 4f7/2, and from 18.23 to 18.67 eV for Hf
4f5/2, as shown in Figure 2b,c, can be explained from the enhanced charge transfer with the increase of
the O2 gas flow [23]. The intensity change between the Hf4+ 4f and Hfx+ 4f peaks can be demonstrated
from the chemical shift in the binding energy of the Hf 4f peaks with oxygen flow rate. Both the Hfx+

4f7/2 and Hfx+ 4f5/2 peaks in Figure 2a,b have similarly dominated components for the Hf 4f7/2 and Hf
4f5/2 peaks, respectively, while they are weaker than the Hf4+ 4f7/2 and Hf4+ 4f5/2 peaks, respectively
in Figure 2c.

In Figure 3a–c, the XPS fitting results on the O 1s peaks of S1, S2, and S3 are shown, respectively.
The O 1s peak actually consist of two very closely peaks, the Hf–O bond of O–Hf–O at 530.28~530.40 eV,
and the O–O bond of non-lattice oxygen at 532.08 eV, which was contributed to by the suboxides
with Hf [17,24,27,28]. The Hf–O bond belongs to the lattice oxygen which dominates in the Figure 2c.
This demonstrates that the corresponding samples have ordered structures and good qualities at
surface. In the Figure 2a,b, the high percentage of the non-lattice oxygen peak at 532.08 eV from the O
1s spectra indicates more defects existed in the HfO2 film layer surface of S1 and S2.

Comparing the areas of O 1s and Hf 4f peaks, the stoichiometric composition ratio of O and Hf
elements at the surface layer of the HfO2 film can be estimated from the XPS fitting results. The atomic
percentages and the FWHMs of the XPS O 1s and Hf 4f peaks for HfO2 films deposited on Si are
summarized in Table 2. There are some differences among these three samples in their XPS fitting
results. The compositions of Hf are 31.63%, 33.10%, and 36.95% for S1, S2 and S3, respectively.
The surface ratios of O and Hf elements of the three samples are between 1.70 and 2.13, which are
in accordance with the range calculated by Myoung-Seok Kim et al. [23]. The higher proportions of
oxygen in the sample of S1 and S2 are due to the presence of the non-lattice oxygen.

Table 2. The Hf and O atomic percentages and bonding analyses of S1, S2 and S3.

Sample Hfx+ 4f7/2 Hfx+ 4f5/2 Hf4+ 4f7/2 Hf4+ 4f5/2 O O–Hf

S1

Peak/eV 16.54 18.21 17.16 18.82 Peak/eV 532.08 530.27
FWHM 1.34 1.32 1.27 1.25 FWHM 1.93 1.65

Area/ASF
(2.05) 4118.46 3088.84 1083.73 812.80 Area/ASF

(0.66) 2400.19 3935.01

Atom 0.14 0.11 0.04 0.03 Atom 0.26 0.42
Hf (%) 31.63% O (%) 68.37%

S2

Peak/eV 16.54 18.21 17.16 18.82 Peak/eV 532.08 530.28
FWHM 1.28 1.27 1.45 1.39 FWHM 1.96 1.57

Area/ASF
(2.05) 4425.81 3319.36 565.70 424.27 Area/ASF

(0.66) 1822.13 3885.52

Atom 0.17 0.13 0.02 0.02 Atom 0.21 0.46
Hf (%) 33.01% O (%) 66.99%

S3

Peak/eV 16.54 18.21 17.16 18.82 Peak/eV 532.08 530.33
FWHM 0.97 0.80 1.06 1.06 FWHM 1.38 1.67

Area/ASF
(2.05) 9172.99 6879.74 27,466.56 20,599.92 Area/ASF

(0.66) 2901.01 32,328.96

Atom 0.05 0.04 0.16 0.12 Atom 0.05 0.58
Hf (%) 36.95% O (%) 63.05%
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Figure 3. The high-resolution XPS fitting results of the O 1s peaks of S1, S2, and S3 are shown in (a–c),
respectively, with experiment data (short dash lines), fitting result (red solid lines), and background
(chartreuse solid lines).

3.1.3. Energy Bandgaps of HfO2 Deduced from XPS

The energy bandgap values of thin oxides can be deduced from the energy loss signals for O
1s photoelectrons [25,26]. The photoelectron loss-energy spectra of three HfO2 films are shown in
Figure 4. The start of the photoelectron loss-energy spectrum, after setting the energy of the O 1s peak
maximum to zero loss energy, was defined by linearly extrapolating the segment of maximum negative
slope (dash-lines in the Figure 4) to the background level in each of the spectra [29–31]. The bandgap
values of S1, S2, and S3 are as follows: 5.65 eV, 5.57 eV and 5.10 eV, which are in agreement with our
results by variable angle spectroscopic ellipsometry (VASE) in Section 3.4, and previously reported
bandgap values for HfO2 in different references [3,32–37].
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Figure 4. The photoelectron energy-loss spectra from the O 1s peaks of HfO2 films for S1, S2 and S3 by
XPS are shown in (a–c), respectively.

3.2. Rutherford Backscattering Spectrometry (RBS)

The random RBS spectra for three HfO2 layers on Si and their corresponding simulated fits by
SIMNRA are given in Figure 5. The contents of three HfO2 films are determined precisely and listed
in Table 3, and the calculated film thicknesses are shown in Table 5. The arrows (labeled with Hf,
O, and Si) in Figure 5 denote the energy for backscattering from Hf, O, and Si atoms, respectively.
The perfectly symmetrical shapes of the hafnium peaks indicate a negligible film roughness of the
three samples with respect to the mean thickness [38].

Although the RBS probes the entire film and the XPS mainly the surface area of only about 5–10 nm,
they are particularly close to the expected ideal composition value of Hf0.33O0.67. The measurements of
XPS and RBS suggest that the stoichiometric HfO2 films were deposited dominantly on Si. However,
there is still a little deviation between the simulated compositions by RBS and XPS for all samples.
For the S1 and S2 films, from both RBS and XPS, the ratios (Hf:O) are 1:N (N > 2). There exists a
bit over stoichiometry oxygen, which might be caused from the non-lattice oxygen, as discussed in
Section 3.1.2. For the film S3, the ratios (Hf:O) from both RBS and XPS are 1:N (N < 2), indicating
a small over stoichiometry hafnium, which might be attributed from the sub-oxidized Hfx+ (x < 4),
such as the theoretically predicted semi-metallic Hf2O3 [9,39].

Table 3. The compositions of the three HfO2 films on Si obtained by RBS and XPS.

Samples
Hf (Composition) O (Composition) Ratios (Hf:O)

RBS XPS RBS XPS RBS XPS

S1 (Hf08a) 0.30 0.32 0.70 0.68 1:2.33 1:2.13
S2 (Hf08b) 0.34 0.33 0.66 0.67 1:1.94 1:2.03
S3 (Hf08c) 0.35 0.37 0.65 0.63 1:1.86 1:1.70

87



Crystals 2018, 8, 248

Figure 5. Random (open circles) and simulated fitting (solid lines) RBS spectra of of S1, S2 and S3 are
shown in (a–c), respectively.

3.3. Grazing Incidence X-ray Diffraction (GIXRD)

Grazing incidence X-ray diffraction (GIXRD) patterns of S1, S2, and S3 with different incident
angles (0.5◦, 1◦, 3◦, and 5◦) are shown in Figure 6, respectively. These spectra demonstrate the
crystallization and the crystallization phases of the thin HfO2 films, and variations from the surface
to the interface corresponding to the incident angle from 0.5◦ to 5◦. The broad GIXRD curves in
Figure 6a indicate that the HfO2 film of S1 is amorphous in nature. This is due to the fact that the low
deposition temperature of 400 ◦C cannot provide sufficient energy to form a crystalline HfO2 layer
by AVD [40–42]. The GIXRD patterns of samples S2 and S3 deposited at substrate temperature of
500 ◦C indicate that these HfO2 films are polycrystalline. The peaks of GIXRD patterns in Figure 6b,c
are indexed by the monoclinic, tetragonal, and orthorhombic phases, correspondingly. It is noted
that orientation indexes of (−111), (002), (200), (−211), (211), and (−221) correspond to the dominant
monoclinic phase of HfO2 film. The low intensity peak at 2θ = 30.5◦ refers to the (−111) orthorhombic
phases [43,44]. There are two peaks at 31.0◦ and 32.3◦, being attributed to the (002) tetragonal and (011)
tetragonal phases of Hf2O3, respectively, according to the calculated data by Kan-Hao Xue et al. [39].

In the Figure 6b,c, the peaks of monoclinic, tetragonal, and orthorhombic phases are clearly seen at
3◦ and 5◦ incidences. When the detection angles were at 1◦ and 0.5◦, the m(−111) peaks of monoclinic
phase are dominant, and the peaks of orthorhombic and tetragonal phase are weak to hardly visible.
In other words, there are three phases deposited at the initial stage of film growth. As the thickness
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increases, the tetragonal and orthorhombic phases gradually weaken to almost invisible. Recently,
it was reported that HfO2 thin films could be crystallized in both orthorhombic and tetragonal phases
when they are sufficiently thin (<10 nm) and the grain size is small [45,46]. Our investigation revealed
that the HfO2 layer had all monoclinic, tetragonal, and orthorhombic structural phases at its initial
growth stage, but as they grow thicker, the tetragonal and orthorhombic phases become weaker,
and finally almost disappeared.

 

Figure 6. Grazing incidence X-ray diffraction (GIXRD) patterns of S1, S2 and S3 with different incident
angles (0.5◦, 1◦, 3◦ and 5◦) are shown in (a–c), respectively.

By the Scherrer formula, the crystallite size of HfO2 thin film of S2 and S3 with different incident
angles can be calculated using the m(−111) peak of the monoclinic phase [47–49].

D =
k·λ

β cos θ
, (1)

where D is the crystallite size, λ is the X-ray wavelength of Cu Kα (0.15418 nm), k is the Scherrer
constant of the order of unity (0.95 for powder and 0.89 for film), β is the full width of peak at half
maximum intensity (FWHM), and θ is the corresponding Bragg diffraction angle [47–49].

Figure 7 exhibits the m(−111) peak patterns of monoclinic phase of S2 and S3 with incident angles
of 0.5◦, 1◦, 3◦ and 5◦, from Figure 6b,c, respectively. The values of the peak position, FWHM and
the calculated crystallite size are listed in Table 4. As the incident angle varies from 5◦ to 0.5◦, i.e.,
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decreasing the depth of detection, the m(−111) peak positions were shifted towards the high angle
side and their FWHMs were increased, both gradually. Also, the crystallite size became smaller with
decreasing the depth of detection. Generally, the crystal lattice with dwindling crystal size tends to
generate phases of higher symmetry [50,51]. These correspond to the appearance of tetragonal and
orthorhombic phases in Figure 6b,c. Multiple mixed crystal phases result in the lower symmetry of the
HfO2 in the depths.

Figure 7. The m(−111) peak of monoclinic phase of S2 and S3 in GIXRD patterns.

Table 4. Peak position (2θ (degree)), FWHM (β (degree)), and crystallite size (D (nm)). The average
errors estimations are 0.004◦, 0.007◦, and 0.008 nm, respectively.

Incident Angles S2 S3

(Degree) 2θ (Degree) β (Degree) D (nm) 2θ (Degree) β (Degree) D (nm)

0.5◦ 28.720 0.548 14.810
1◦ 28.521 0.521 15.570 28.680 0.605 13.413
3◦ 28.460 0.513 15.811 28.444 0.479 16.932
5◦ 28.449 0.460 17.632 28.426 0.472 17.183

In Table 4, the relatively similar data on the crystallite size (D) for S2 and S3 show that there is no
obvious difference in microcosmic. However, the sharp and intense peaks of S3 in the XRD spectra,
shown in Figures 6 and 7, demonstrate its structure is more orderly than S2 on a large scale. Among
the GIXRD patterns of S1, S2 and S3, the structure of S3 is the most orderly, and its quality is the best
among these three samples, which are consistent with our results from XPS and RBS measurements
and analyses.

3.4. The Variable Angle Spectroscopic Ellipsometry (VASE)

The best fit results of VASE spectra for HfO2/Si sample S3 are presented in Figure 8, where dot
lines depict SE experiment data, and solid lines are the fitting results. The data displayed for two
key ellipsometry parameters, Psi (Ψ) and Delta (Δ), are related to the change in amplitude and phase
shift of the impinging E field upon reflection, and are wavelength dependent [52]. In our analyses,
we have considered an interface region with silicate (SiOx), which is observed clearly in the interface
by high-resolution transmission electron microscope (HR-TEM), as shown in Figure 9. The surface
roughness was described by Bruggeman effective medium approximation (EMA) [52,53]. The fitting
structural model were constructed as silicon substrate/interface layer/HfO2 layer/surface roughness.
In order to get more reliable fitting results, the VASE spectra were measured with five incident angles
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of 50◦, 55◦, 60◦, 65◦, and 70◦for the three samples. The fitted thicknesses of roughness, HfO2 layer,
and interface layer for three samples were obtained from VASE.

In Table 5, the thicknesses of the corresponding layer of S1, S2 and S3 are close from different
measurements, including VASE, RBS, HR-TEM, and the measured thicknesses from the grower.
It is more accurate about the thicknesses from HR-TEM and VASE. In comparison with the interface
thicknesses of three samples, higher substrate temperatures, and larger oxygen flow in growth progress
result in thicker interface of silicate.

The fitted optical constants of refractive index n and extinction coefficient k are presented in
Figure 10. As the photon energy is less than 4.70 eV, the HfO2 films are at the transparent region.
However, the extinction coefficients start to increase rapidly at the high-energy edge from 4.70 eV,
resulting from the remarkable subgap absorption [16].

Figure 8. SE spectra (dot lines) and fitted (solid lines) psi and delta spectra vs photon energy with five
incident angles (50◦, 55◦, 60◦, 65◦ and 70◦) of HfO2/Si sample S3 at RT (300 K).

Table 5. The thicknesses of three samples are obtained by VASE, RBS, HR-TEM, and the measured
thicknesses from grower.

Thickness (nm)

Samples SE RBS HR-TEM Grower

Roughness HfO2 Interface HfO2 HfO2 Interface HfO2

S1 4.71 ± 0.06 65.74 ± 0.08 1.90 ± 0.08 53.33 62.5 2.0 70
S2 3.95 ± 0.05 32.14 ± 0.11 2.59 ± 0.11 32.67 33
S3 4.01 ± 0.05 31.71 ± 0.10 3.37 ± 0.10 40.67 34

 

Figure 9. HR-TEM images of the S3 with scale of (a) 2 nm, and (b) 10 nm, respectively.
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Figure 10. Optical constants of refractive indices (n) and extinction coefficients (k) for three HfO2 films
of S1, S2, and S3 at RT (300 K).

The HfO2 films are known to have an indirect bandgap. Its optical bandgap versus photon
energy hν is proportional to (αhν)1/2, ((αhν)2 for direct bandgap material), where α and hν are the
absorption coefficient and photon energy, respectively [3,14,54–56]. Figure 11 shows plots of (αhν)1/2

versus photon energy for our three HfO2 films, respectively. The values of the optical bandgap Eg

were calculated by the liners of (αhν)1/2 vs. hν extrapolated to the intersection with the photon energy
axis. The bandgaps of HfO2 films of S1, S2 and S3 were determined to be 5.35 eV, 5.34 eV, and 5.26 eV,
respectively. These data are approximate to the values of bandgap obtained from the photoelectron
energy-loss spectra by XPS in Section 3.1. Associated with the analysis results of GIXRD, the better
quality of samples are related to the smaller bandgaps.

h

Figure 11. (αhν)1/2 versus photon energy plots of the HfO2 films.

4. Conclusions

Comprehensive analyses have been conducted on a series of HfO2 thin (30–70 nm) films grown on
Si by AVD under different growth conditions via XPS, RBS, GIXRD, and VASE. The film characteristic
parameters of thickness, structures, optical constants, bandgaps etc. were accurately determined.
Important and significant results are obtained:

i. Through XPS measurements and analyses on the Hf 4f peaks and the change of intensity ratio
between Hf4+ and Hfx+ peaks, it was revealed that at the lower oxygen flow rate of 500 sccm,
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the insufficient chemical reaction leaded to more Hf suboxide bonds and non-lattice oxygen
produced at HfO2 film surface; while, as the oxygen flow rate increased to 800 sccm, the quality
of the surface films had been significantly improved.

ii. The deposited HfO2 films on Si were amorphous in nature at the low deposition temperature
of 400 ◦C by AVD, while at higher deposition temperature, polycrystalline HfO2 films
were achieved.

iii. At the initial stage of film growth, the monoclinic, tetragonal, and orthorhombic phases
co-existed. As the film grew thicker, the tetragonal and orthorhombic phases gradually
weakened until the monoclinic phase dominated. The crystallite size of HfO2 film became
smaller from interface to surface, confirmed using varied angle GIXRD.

iv. It was found that for HfO2 film, higher crystallization and more ordered structure correspond
to a smaller bandgap, determined from VASE and XPS, close to single crystal HfO2.

The comprehensive studies demonstrate that appropriate substrate temperature and oxygen flow
are essential to the structure, chemical composition, and optical constants from surface and interface of
the HfO2 films deposited by AVD. This work with integrated experiment measurements and analyses
has enhanced our understanding of AVD-grown HfO2 advanced materials.
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Abstract: The Zn1−xLixO (x = 0, 0.01, 0.03, and 0.05) nanocrystalline films were synthesized on silicon
(Si) substrates by using the sol-gel method. The crystal structure and surface morphology of these
films were investigated by X-ray diffraction (XRD) and field emission scanning electron microscopy
(FE-SEM). We observed that the average grain size was gradually reduced with increasing doping
Li content. Photoluminescence (PL) spectra show that increasing the Li content will deteriorate the
crystalline quality and result in the decrease of ultraviolet emission from the excitonic recombination
and the enhancement of visible emission from the recombination between the intrinsic defects.
The current-voltage properties of Zn1−xLixO nanocrystalline films were also studied under dark
and photo-illumination for photo-detection applications. The normalized photo-to-dark-current
ratio (Iphoto − Idark)/Idark has been enhanced from 315 to 4161 by increasing the Li content of the
Zn1−xLixO nanocrystalline films from zero to 0.05.

Keywords: ZnO; Sol-Gel methed; nanocrystalline

1. Introduction

Wide band gap materials with transparent properties are important for photovoltaic and
optoelectronic devices. Zinc oxide (ZnO) is one of the attractive transparent compound semiconductor
materials with wide band gap (3.3 eV) and a large exciton binding energy (60 meV) at room
temperature [1,2]. Due to its specific properties, ZnO-based optoelectronic devices are believed to be
promising candidates for transparent electronics applications [3], such as in thin film transistors [4–6],
solar cells [7,8], photodetectors, [9] and light emitting devices [10]. Furthermore, due to its high
electromechanical coupling coefficients, ZnO can be used in surface acoustic wave devices and chemical
biosensors [11]. ZnO crystals or films have been successfully prepared by various kinds of fabrication
methods, such as Radio Frequency (RF) magnetic sputtering, chemical vapor deposition, pulsed laser
deposition, and sol-gel methods. Those fabricating systems require high vacuum and complicated
temperature control processes, while the sol-gel process offers more merits due to ease of control
of the chemical composition and a much simpler method for large-area coating at a low cost [12].
To realize an electronic device consisting of p- and/or n-type characteristics, the doping technique
is an important issue. Until now, several studies on ZnO doped with group III elements [13–15],
transition metals [16,17], and other elements [18,19] have been explored. The dopants may not only
change the dominant crystal orientation, but also play an important role in the enhancement of the
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photo-to-dark-current ratio via the doping-induced defect states [20]. However, it is difficult to achieve
good and reproducible p-type ZnO due to low solubility of the dopant and high self-compensation [21].
The p-type ZnO was reported by doping Li since the solubility of Li in ZnO can be up to 30% [22].
The interest in using Li as the dopant in ZnO is based on its potential ability to act as a p-type dopant
and ferroelectricity behavior as reported in II–VI semiconductors [23]. Due to its specific and interesting
properties, further study of the microstructural and optical properties of lithium doping on of ZnO is
not only thought-provoking, but also important.

In this paper, we report a study of the doping effect of Li atoms on the optical and structural
properties of Zn1−xLixO (x = 0, 0.01, 0.03, and 0.05) nanocrystalline films. The X-ray diffraction
(XRD) and field emission scanning electron microscopy (FESEM) were used to characterize the crystal
structure and surface morphology of Zn1−xLixO nanocrystalline films. The emission behaviors were
probed by the photoluminescence (PL) technique. In addition, we also carried out the current-voltage
(I–V) measurements under dark and UV illumination to investigate their optical detection properties.

2. Experimental

The source solutions for the growth of Zn1−xLixO nanocrystalline films were prepared
with the precursors of zinc acetate dihydrate (CH3COO)2 Zn·2H2O and lithium acetate
dehydrate C2H3LiO2·2H2O which were dissolved in stoichiometric proportions in deionized water.
The concentration of metal ions was kept at 0.5 M with lithium mole ratios of 0%, 1%, 2%, 3%,
and 5%, respectively. We added ethanolamine into the solutions to obtain stable precursor solutions.
After stirring at 150 ◦C for 1 h on a hotplate, we can obtain transparent solutions for crystal growth.
A standard substrate cleaning process using ethanol (95% purity), acetone (99.87% purity), isopropyl
alcohol (99.9% purity), hydrochloric acid (36% purity) and deionized water was done before crystal
growth. Then, the Si substrates were rinsed in deionized water and dried by flowing nitrogen gas.
Each layer was grown on the Si substrate by a spin coater with three steps: the first step with spinning
rate = 100 rpm for 10 s, then the second step with a spinning rate of 3000 rpm for 30 s, then setting
the preheating temperature at 300 ◦C for 2 mins. Ten layers were stacked on Si substrates. Then,
the samples were annealed at 600 ◦C for 2 min by rapid thermal annealing (RTA) treatment with a
heating rate of 600 ◦C/min.

The XRD patterns were studied by using Rigaku D/max-2200 X-ray diffractometer with Cu-Kα

radiation. The surface morphology and cross-sectional views of Zn1−xLixO nanocrystalline films
were investigated by field emission scanning electron microscopy (FE-SEM, HITACHI S-4800) at
3.0 kV. For PL measurements, room temperature photoluminescence (RTPL) spectroscopy was used
to measure optical emissions by an He-Cd laser with a wavelength of 325 nm. In I–V characteristics,
the samples were measured under dark and UV lamp illumination (365 nm) by an HP 4145
semiconductor parameter analyzer in an applied voltage from −5 to +5 V.

3. Results and Discussion

Figure 1 depicts the XRD patterns of Zn1−xLixO nanocrystalline films with different Li contents
from x = 0 to 0.05. It is clear from observations that only one main peak located at 2θ = 34.56 degree,
which demonstrates that all the Zn1−xLixO nanocrystalline films consisted of a unique phase.
The Zn1−xLixO nanocrystalline film is well crystallized in a wurtzite structure with a (002) preferred
orientation in the direction parallel to the c-axis. The lattice constant of c-axis can be extracted to be
5.2069 Å. E. Nurfani et al. have reported that Ti dopants change the dominant crystal orientation
from (002) to (103), and also slightly extend the c-axis of the ZnO lattice parameter [20]. The results
obtained in this work show that the doping of Li atoms does not cause obvious structure changes
or lattice extensions. This might be due to the fact that the radii of Ti2+ or Ti4+ ions are larger than
those of Li+ ions, because the atomic number of Ti is 22 while that of Li is only 3. The inset presents
the full width at half maximum (FWHM) values of the XRD peaks in a function of Li content. It is
noticed that the intensity of the (002) peaks gradually decreases with increasing Li content, at the
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same time, the FWHM are constantly broadened. We also deduced the crystallite size of Zn1−xLixO
nanocrystalline films from the Debye–Scherrer’s equation [24,25] D = kλ/β cos θ, where k is the
Scherer constant (k = 0.9), λ is the wavelength of the X-ray radiation (0.154 nm), β is the FWHM in
radians, and θ is the Bragg diffraction angle. The results are 39.8, 36.9, 35.6, and 34.6 nm for x = 0,
0.01, 0.03, 0.05, respectively. The crystallite size is decreasing, which is due to the crystalline quality
deteriorating by increasing the doping concentration of the Li atoms.

Figure 1. XRD patterns of Zn1−xLixO nanocrystalline films. The inset shows that FWHM broadens
with various Li content.

The grain size of Zn1−xLixO nanocrystalline films can also be observed by FE-SEM. Figure 2 shows
both the surface morphology and cross-sectional views of Zn1−xLixO nanocrystalline films. From the
top view of Zn1−xLixO nanocrystalline surface morphology, the average grain size is determined to
be 88.02 to 71.16 nm for x = 0 to 0.05, respectively, and it is observed that the average grain size is
gradually reduced with increasing Li doping concentration. The tendency of grain change further
confirms the observation in the XRD patterns. It is noted that the crystallite size is supposed to be
the size of a coherently diffracting domain and is not exactly to be the same as the particle size [26]
Furthermore, it has been found that the XRD peak can be widened by defects or internal stress, so the
mean crystallite size calculated by the Debye–Scherrer’s equation is smaller than the actual value [27].
In the side views, we can observe that the films are quite uniform with thicknesses of about 100 nm
for all samples, and the pictures further confirm the c-axis orientation with columnar grains running
perpendicular to the substrate.

Figure 3 presents the PL spectra of Zn1−xLixO nanocrystalline films for x = 0 to 0.05 taken
at room temperature. The PL spectra consist of an ultraviolet (UV) emission peak and a weak
green yellow visible (VIS) emission band. The sharp UV emission peaks resulted from the exciton
recombination [28,29]. It is obvious that the PL intensity decreases with increasing Li doping
concentration, which indicates that the doping Li atoms will deteriorate the crystalline quality. All the
UV emission peaks seem located around 3.24 eV, and in careful observation we can find a slight blue
shift with increasing Li doping concentration. The broader VIS emission below 2.4 eV with a peak
around 2.1 eV reflects the characteristic luminescence associated with singly ionized defects, such as
oxygen vacancy or doping-induced defects [30,31] Comparing the intensity of the UV emission to
the VIS emission, we observe the ratio of IUV/IVIS is 8.68, 4.21, 2.52, and 1.54 for various Li doping
concentrations (x = 0, 0.01, 0.03, and 0.05, respectively). We believe that the doping Li atoms are
responsible for the decreasing ratio of IUV/IVIS.

Furthermore, we study the optical properties of these thin films by means of I–V curves under dark
and UV illumination. The photocurrent was measured by a 30-W Xe lamp with the incident wavelength
of 365 nm as the irradiation source. In Figure 4, the I–V curves of Zn1−xLixO nanocrystalline films were

99



Crystals 2018, 8, 228

measured under dark and UV illumination in the voltage range from −5 to +5 V. For optical detection
applications, the relative optical response can be defined by the normalized photo-to-dark-current
ratio (Iphoto − Idark)/Idark. The results at +5 V are calculated and listed in Table 1. This shows that the
doping Li atoms are helpful to enhance the ratio of (Iphoto − Idark)/Idark, which has been raised more
than ten times from 315 to 4161.

Figure 2. FE-SEM surface morphology (a–d) and cross sectional view images (e–h) of Zn1−xLixO
nanocrystalline films with x = 0 to 0.05. The average grain size is determined to be 88.02 to 71.16 nm
for x = 0 to 0.05.

Figure 3. PL spectra of Zn1−xLixO nanocrystalline films with x = 0 to 0.05.
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Figure 4. I–V characteristics of Zn1−xLixO nanocrystalline films [(a) x = 0, (b) x= 0.01, (c) x=0.03,
(d) x= 0.05] measured under dark and photo-illumination in the voltage from −5 V to +5 V.

Table 1. Values of Iphoto, Idark, and (Iphoto − Idark)/Idark at +5 V of Zn1−xLixO nanocrystalline films.

Zn1−xLixO (x) Iphoto (mA) Idark (μA) (Iphoto − Idark)/Idark (%)

0 0.1084 26.12 315
0.01 0.0164 0.79 1975
0.03 0.0089 0.41 2071
0.05 0.0098 0.23 4161

4. Conclusions

The ZnO doped with Li (0–5%) was successfully synthesized by the sol-gel method. XRD patterns
showed a single crystalline phase of Zn1−xLixO. The composition-dependent crystallite size was
deduced by Debye–Scherrer’s equation, and further confirmed by the surface morphology from
FE-SEM images. The PL spectra show a slight blue shift with an increase in Li content. The intensity
of UV emission from exciton recombination decreases with increasing Li content, which is due to
crystalline deterioration. The higher ratio of the normalized photo-to-dark-current ratio resulting from
the doping of Li atoms demonstrates their potential in photodetector applications.
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Abstract: How large of a substituent/branch a polyethylene possesses that can still be induced by
nanofillers to form ordered chain structures is interesting, but uncertain. To solve this problem,
precisely methyl-substituted polyethylene (PE21M) was chosen as a model to prepare its
one-dimensional and two-dimensional nanocomposites with carbon nanotubes (CNTs) and graphene
via solution crystallization. It is shown that kebab-like and rod-like nanofiller-induced crystals were
separately observed on the surfaces of CNTs and graphene and the density of rod-like crystals is
significantly less than kebab-like ones. The results of differential scanning calorimetry (DSC) and
X-ray diffraction (XRD) reveal that CNTs and graphene cannot induce polymers with the substituent
volume greater than, or equal to, 2 Å (methyl) to form ordered lattice structure, but CNTs exhibit
the better nucleation effect, providing us with guidance to manipulate the physical performance of
polymer composites on the basis of the size of the substituent and the type of nanofiller.

Keywords: PE21M; carbonaceous nanofiller; epitaxial crystallization

1. Introduction

Epitaxial crystallization of semi-crystalline polymers on foreign surfaces can produce controllable
crystal structures and morphologies which, therefore, provides an efficient way to tailor the physical
performance of polymeric materials [1–4]. It is widely recognized that the mechanism of epitaxial
crystallization is based on some certain crystallographic matches [1], and the mismatching of the contact
lattice planes between the substrate and polymers cannot exceed 15%. For example; one-dimensional
or two-dimensional lattice matches generate special interactions between the polymer chains and the
substrate in the contacting interface which can alter not only the crystal structure and morphology
of polymers, but the crystallization kinetics [2–6]. One-dimensional carbon nanotubes (CNTs) and
two-dimensional graphene are frequently used as substrates to induce polymer crystallization because
of their high surface area. It has been well documented that the topological structure of substrates has a
significant influence on the polymer crystallization behavior [7–15]. Generally, the mechanism of CNTs
inducing polymers to form disk-like crystal lamellae was described as “soft epitaxy” [16–18]. While,
for two-dimensional graphene, lattice matching should play the dominant role in surface-induced
polymer epitaxial crystallization [19–22]

Polyethylene is one of the most studied polymers due to its versatility in a very wide range
of applications. The common method for modifying the structures and properties of polyethylene is
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randomly copolymerizing ethylene with 1-alkene or with polar/nonpolar comonomers. However,
random copolymerization leads to the products with a bivariate comonomer content-molar
mass distribution, so the physical properties can vary depending on the molecular weight,
molecular-weight distribution, branch identity, branch content, and branch distribution, and are
also difficult to reproduce at a high level of consistency [23,24]. Accordingly, the relationship between
the structure and performance of random copolyethylene is quite ambiguous. Polymers synthesized
by acyclic diene metathesis polymerization (ADMET) offer the suitable model systems to study
the relationship of the structure and performance which possess a well-defined primary structure.
ADMET polymers have a general repeating unit, −[(CH2)m-CHX]n−, where m is in the range
of 8–74 and X is the group of various types placed at a precise distance along the PE backbone,
such as halogen, alkyl group, or other functional groups [25–33]. These polymers were found to show
the various crystalline phases depending on the side group X. Meanwhile, the aggregation state of
precision macromolecules may be affected remarkably by a small change of the chain structure and the
distribution of defects in crystallites can be exquisitely controlled by the crystallization kinetic, which is
not yet feasible in classical branched polyethylene obtained via coordination catalysis [34,35]. In our
previous works, the precise ADMET polyethylene with halogen atoms (F, Cl, Br) placed on each every
21st backbone carbon were chosen as models to investigate the structural change of polymer epitaxial
crystallization. The results demonstrated that CNTs had almost no affection on the structure of PE21F
and PE21Cl, but RGO induced the structural transformation of PE21Cl and PE21Br from a triclinic form
to orthorhombic form, which generated extraordinarily high melting temperatures [36–38]. Such a
significant change of the crystal structure resulting from surface induced epitaxial crystallization not
only suggests that the precisely substituted polyethylenes are ideal models to explore the influence
of the substituent on epitaxial crystallization, but also indicates that single-walled carbon nanotubes
(SWCNTs) and reduced graphene oxide (RGO) possess different capacities to induce substituted
polymers to generate ordered chain packing structures due to the different epitaxy mechanism of the
two nanofillers. However, how large of a substituent/branch a polyethylene possesses that can still be
induced by nanofillers to form ordered chain structures is unknown.

For solving this question, in this paper, the precision ADMET polyethylene with the methyl
placed on every 21st backbone carbon (PE21M) was chosen as a model to investigate the epitaxial
crystallization of polymer with a much bulkier substituent. The larger volume of methyl (2.0 Å)
compared to those of F (1.47 Å) to Cl (1.75 Å) and Br (1.85 Å) results in a much more disordered
crystal lattice and the lower melting temperature of PE21M, and the bulkier substituent is beneficial
for exploring the capacities of carbonaceous nanofillers that have different mechanisms of epitaxial
crystallization to induce nucleation and crystallization of substituted/branched polymers. Meanwhile,
one-dimensional SWCNTs and two-dimensional RGO were employed as nanofillers to prepare
PE21M-based nanocomposites and the epitaxial crystallization of nanocomposites was achieved
via solution crystallization. The resultant crystal morphology and structures were analyzed by
transmission electron microscopy (TEM) and X-ray diffraction (XRD) and the thermal behaviors
were characterized by differential scanning calorimetry (DSC). Finally, the discrepancy of the
density of crystals formed on two nanofillers was also discussed to compare their epitaxy ability.
This study is expected to enhance the understanding of the influence of low-dimension carbonaceous
nanofillers on the nucleation and chain packing structure of semi-crystalline polymers with large
substituents/branches.

2. Experimental Section

2.1. Materials

Purified HiPco single-walled CNTs (SWCNTs, with an average diameter of 6 nm) were purchased
from Times Nanotechnologies Inc (Chengdu Organic Chemicals Co. Ltd., Chengdu, China) and used
as received. Reduced graphene oxide (RGO) was prepared by thermal exfoliation and reduction of
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graphene oxide (GO) [39]. The precisely substituted polyethylene with methyl placed on each every
21st backbone carbon has been studied, labelled as PE21M, where the number corresponds to the
precise location of the side group in the PE backbone. The synthesis route of PE21M is shown in
Scheme 1 [31]. The chemical structure was characterized by 1H NMR (Supporting Information Figure S1).
The molecular weight was determined by gel permeation chromatography (GPC) using an Agilent
PL-GPC 220 instrument with HPLC-grade chloroform as the mobile phase at a flow rate of
1.0 mL·min−1 and a calibration with polystyrene standards (Mn = 12,962 g/mol, Mw/Mn = 2.17).

Scheme 1. Monomer and polymer synthesis process.

2.2. Sample Preparation

The fabrication of PE21M nanocomposites were described as follows. The nanofiller/p-xylene
mixed solution with the nanofiller mass concentration of 0.1 wt % was sonicated for 2–3 h at 45 ◦C
and the PE21M/p-xylene mixed solution with PE21M mass concentration of 0.1 wt % was prepared by
dissolving PE21M into p-xylene at 120 ◦C for 2 h. Then, 10 g nanofillers/p-xylene solution was mixed
with 10 g PE21M/p-xylene solution at 120 ◦C for 5 min. The mixture was finally quenched to the preset
crystallization temperature, Tc. In order to avoid SWCNTs to agglomerate and form small bundles
in solvent, the mixed solution was stirred at 1200 r·min−1. The sample was isothermally filtered after
crystallization for 6 h. After washing with ethanol carefully three times, nanocomposites were dried at
40 ◦C under vacuum for 36–48 h.

Furthermore, Qunxu’s method [40] was employed to prepare PE nanocomposites by supercritical
CO2 (SC CO2). The mixture of nanofiller/p-xylene solution and PE21M/p-xylene solution was
produced by the same procedure above-mentioned. Then the mixture was quickly transferred into a
stainless steel autoclave at the preset crystallization temperature Tc. SC CO2 was then charged into
the autoclave up to the desired pressure within a short time. After maintaining the supercritical fluid
condition for 3 h, the system was slowly depressurized and the sample was collected and labelled.

2.3. Characterization

Nanocomposite suspensions were collected on a carbon-coated grid. The crystal morphology
observation was conducted by a JEOL JEM2100 transmission electron microscope (TEM, JEOL., Tokyo,
Japan) with an accelerating voltage of 200 kV. Differential scanning calorimetry (DSC) experiments
were carried out using a Perkin-Elmer DSC8000 (PerkinElmer, New York, NY, USA). The samples with
an average weight of 2~4 mg were heated from 30 to 100 ◦C at a scanning rate of 10 ◦C·min−1

under a nitrogen atmosphere. X-ray diffraction (XRD) patterns were recorded on a Bruker D8
diffractometer (Bruker, Karlsruhe, Germany), using Ni-filtered Cu Kα radiation at 40 kV and 30 mA at
room temperature at an angle ranging from 5 to 40◦ at a rate of 3.5◦·min−1.
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3. Results and Discussion

3.1. Morphologies of PE21M/Nanofiller Composites

3.1.1. Morphologies of PE21M/CNT Kebab-Like Crystals

As expected, the shish-kebab structures periodically form on SWCNTs at all selected experimental
temperature, as exhibited in Figure 1 and the average sizes of PE21M lamellae attached to SWCNTs are
listed in Table 1 on the basis of the measurement of 200 lamellae. The average diameters of the PE21M
kebab crystals are about 16.3 ± 1.0, 20.2 ± 1.1, and 18.4 ± 0.9 nm for 40, 50, and 60 ◦C, respectively.
It is evident that the average size of the PE21M kebab crystals first increases then decreases with the
increase of crystallization temperature and the largest diameter of kebabs form at 50 ◦C. This behavior
of crystal growth on SWCNTs is similar to the situations reported in PE21F, PE21Cl, and PE21Br
crystals [36–38], which is attributed to the competition of nucleation and crystal growth on the CNTs.
Meanwhile, stable crystal nuclei become fewer and fewer with the decrease of undercooling, which can
be directly supported by the interval of kebab increasing monotonically with the increase of the
crystallization temperature (Table 1). The thickness of the kebab also increases with the crystallization
temperature, from 5.1 ± 0.3 nm at 40 ◦C to 5.6 ± 0.4 nm at 60 ◦C (Table 1), suggesting that the
crystallization ethylene sequence is strongly dependent on the crystallization temperature. We can now
conclude that the crystallization temperature has an important influence on the size and periodicity of
the shish-kebab structure and the most suitable crystallization temperature for PE21M/SWCNT in
p-xylene is 50 ◦C. Our previous studies displayed that the diameter of the PE21F kebab (54–65 nm)
was smaller than that of HDPE (50–80 nm) because of the influence of substituent F [36] and the
diameter of the kebab decreased rapidly from PE21F (54–65 nm) to PE21Cl (26.2 ± 1.0 nm) and PE21Br
(23.2 ± 1.2 nm) with increasing substituent volume (the van der Waals radii of F, Cl, and Br are 1.47,
1.75, and 1.85 Å, respectively) [36–38]. When the van der Waals volume of the substituent increases
to 2.0 Å, the diameter of the PE21M kebab decreases to 20.2 ± 1.1 nm (Table 1). The above results
further confirm that the substituents act as defects in the chain which have a strong impact on the
lateral growth of crystal lamellae. On the other hand, the maximum thickness of PE21M kebabs is
5.6 ± 0.4 nm, which is also the smallest compared to that of PE21F (6.4–8.6 nm), PE21Cl (6.4 ± 0.5 nm),
and PE21Br (6.8 ± 0.5 nm) [36–38], further indicating that the crystallization of PE is disturbed more
intensely by the larger substituent. By contrasting with our previous works, we found that the interval
of PE21M kebab crystals prepared under the same supercooling degree decreases severely with the
increase of the substituent’s volume [36–38]. The largest interval of PE21M kebab crystals is 20.5 nm,
much lower than 48.5 nm of PE21F, 57.7 nm of PE21Cl, and 34.5 nm of PE21Br [36–38]. This can be
attributed to the thinner PE21M lamellae resulting in a weak repulsion between adjacent lamellae.
According to the “soft epitaxy” mechanism [16–18], CNTs can induce polymers to crystallize regardless
of the lattice matching between the polymer chain and the graphitic sheet. Consequently, the density
of PE21M crystal nuclei developed on CNTs was almost unaffected by the bulkier substituent.

Figure 1. TEM images of PE21M/SWCNT nanocomposites produced in p-xylene at different
temperatures for 6 h. (a) 40 ◦C, (b) 50 ◦C, (c) 60 ◦C (both PE21Br and SWCNT concentrations are 0.05 wt %).
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Table 1. The average size of PE21M lamellae formed on SWCNT based on the TEM images of
200 lamellae.

Sample (Crystallization
Temperature)

Diameter of Kebab
(nm)

Thickness of Kebab
(nm)

Interval of Kebab
(nm)

PE21M/SWCNT (40 ◦C) 16.3 ± 1.0 5.1 ± 0.3 10.0 ± 0.8
PE21M/SWCNT (50 ◦C) 20.2 ± 1.1 5.4 ± 0.4 16.3 ± 1.0
PE21M/SWCNT (60 ◦C) 18.4 ± 0.9 5.6 ± 0.4 20.5 ± 1.1

The evolution of kebabs with the isothermal crystallization time was also detected.
The morphologies of PE21M crystals on SWCNTs in p-xylene at 50 ◦C for different isothermal
crystallization times are shown in Figure 2 and the average sizes of PE21M lamellae are summarized
in Table 2. The average diameter of the PE21M kebab crystals is 10.3 ± 0.8 nm after 3 h isothermal
crystallization and the continued growth during the subsequent 3 h leads to the diameter of kebabs
reaching 20.2 ± 1.1 nm, i.e., the size doubled with respect to the former 3 h. The average growth rate
of kebabs is about 3 nm·h−1 in the elapsed 6 h, which is far below that of PE21F (20 nm·h−1) [36].
This suggests that the speed of PE21M chain lateral growth is limited by the bulkier substituent.
According to the average diameter shown in Table 2, we can find that the diameter of kebab
crystals reaches 22.4 ± 0.9 nm after 12 h isothermal crystallization, almost unchanged compared
with the isothermal crystallization for 6 h. It can also be observed from Table 2 that little change
happens for the thickness and periodicity of kebabs formed at the same crystallization temperatures,
which further indicates that the thickness and periodicity of kebabs is directly related to the isothermal
crystallization temperatures.

Figure 2. TEM images of PE21M/SWCNT nanocomposites produced by crystallization of PE21M on
SWCNTs in p-xylene at 50 ◦C for different isothermal crystallization time. (a) 3 h, (b) 6 h, and (c) 12 h
(both PE21Br and SWCNT concentrations are 0.05 wt %).

Table 2. The average size of PE21M lamellae formed on CNTs for different isothermal crystallization
time based on the TEM images of 200 lamellae.

Crystallization Time Diameter of Kebab (nm) Thickness of Kebab (nm) Interval of Kebab (nm)

3 h 10.3 ± 0.8 5.2 ± 0.3 15.8 ± 0.7
6 h 20.2 ± 1.1 5.4 ± 0.4 16.3 ± 1.0

12 h 22.4 ± 0.9 5.4 ± 0.4 15.5 ± 0.8

3.1.2. Morphologies of PE21M/RGO Rod-Like Crystals

We also investigate the effects of nanofillers with different dimensions on the crystallization
behavior of PE21M. For the convenience of comparison, three crystallization temperatures (40,
50, and 60 ◦C) same as that of PE21M/SWCNT nanocomposites chosen to prepare PE21M/RGO
nanocomposites. It can be seen from the crystals morphologies shown in Figure 3 that rod-like crystals
were formed on the surface of RGO and the average sizes of PE21M crystals are listed in Table 3.
Quite small particles with a size of 5.0 ± 0.2 nm can be observed on the surface of RGO nanosheets
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at 40 ◦C, which grow into the largest lamellae with an average size of 18.0 ± 1.2 nm when the
crystallization temperature increases to 50 ◦C. This suggests that PE21M chains need more time or
much higher crystallization temperature to adjust their conformations to the surface of RGO. The size
of PE21M lamellae formed on RGO is 16.0 ± 1.0 nm at 60 ◦C, smaller than that formed at 50 ◦C. It is
obvious that the temperature dependence of the sizes of PE21M lamellae upon the RGO surface is
similar the case observed in PE21M/SWCNT composites, namely, first it increases and then decreases
with increasing crystallization temperature. It has been reported that the average sizes of lamellae
formed on RGO become smaller and smaller with the increase of substituent bulk as the influence of
substituent on crystal growth becomes more and more serious [36–38].

In this study, the smallest average size of lamellae is observed in PE21M/RGO composites,
further verifying the conclusion that substituents have a great effect on crystal growth on RGO.
We can also see from Table 3 that the thickness of rod-like crystals has the same variation rule
with that of kebab crystals (Table 1), i.e., it increases with increasing crystallization temperature.
Moreover, the thickness of crystals formed on SWCNTs and RGO under the same crystallization
condition are almost the same by comparing the data in Tables 1 and 3. These findings all suggest that
the isothermal crystallization temperature plays a decisive role in the thickness of lamellae formed
on RGO. By comparison, the maximal thickness of PE21M lamellae formed on RGO is about 5.5 nm,
which is much smaller than 8.8 nm of PE21F, 6.5 nm of PE21Cl, and 6.9 nm of PE21Br [36–38],
which is also attributed to the influence of the largest methyl substituent. Obviously, PE21M crystals
formed on RGO have much poorer regularity with respect to the cases in PE21F, PE21Cl, and PE21Br
crystals [36–38] and hardly arrange at 60◦ directions apart from each other, which indicates that
the largest substituent methyl significantly disturbs the matching between the molecular chain and
RGO substrate. Furthermore, it is evident from Table 3 that the density (number/0.01 μm2) of the
lamellae decreases from eight at 50 ◦C to five at 60 ◦C, which is attributed to the less stable crystal
nucleus existing at a lower undercooling degree. Meanwhile, the density of PE21X (X = F, Cl, Br,
and CH3) crystals prepared under the same supercooling degree decreases severely with the increase of
the substituent’s volume [36–38]. In other words, the maximum density of PE21M crystals formed on
RGO is 8/0.01μm2, much lower than 40/0.01 μm2 of PE21F, 35/0.01 μm2 of PE21Cl, and 37/0.01 μm2

of PE21Br. Moreover, the density of PE21M crystals formed on RGO is significantly less than that
formed on CNT comparing Figures 1 and 3. It is a generally accepted notion that lattice matching
dominates the graphene-induced polymer epitaxial crystallization [19–22], which is of no concern
for the “soft epitaxy” of CNTs [16–18]. Therefore, we can conclude that the lack of crystallographic
mismatching is the main influencing factor that attaches the PE21M chain to the surface of RGO and
after nucleation.

Figure 3. TEM images of PE21M/RGO nanocomposites produced in p-xylene at different temperatures
for 6 h. (a) 40 ◦C, (b) 50 ◦C, and (c) 60 ◦C (both PE21Br and RGO concentrations are 0.05 wt %).
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Table 3. The average size of PE21M lamella formed on RGO based on the TEM images of 200 lamellae.

Sample (Crystallization
Temperature)

Size of Lamellae
(nm)

Thickness of Lamellae
(nm)

Density
(number/0.01 μm2)

PE21M/RGO (40 ◦C) 5.0 ± 0.2 3.0 ± 0.3 7.0
PE21M/RGO (50 ◦C) 18.0 ± 1.2 5.3 ± 0.4 8.0
PE21M/RGO (60 ◦C) 16.0 ± 1.0 5.5 ± 0.3 5.0

3.1.3. PE21M/Nanofiller Composites Prepared with the Assistance of Supercritical CO2

Supercritical CO2 (SC CO2) was used to follow the antisolvent effect on PE21M crystallization.
PE21M/nanofiller nanocomposites were prepared in p-xylene at 50 ◦C with the assistance of SC
CO2 and the experimental pressure of SC CO2 was tuned to 10, 15, and 20 MPa. The crystallization
morphologies are shown in Figures 4 and 5. SWCNTs are apt to agglomerate and form bundles under
pressure of SC CO2, which gradually becomes serious as the SC CO2 pressures rises (Figure 4c).
Therefore, the diameter of the SWCNTs are much thicker than that produced without SC CO2

(Figure 1). The average sizes of the PE21M lamellae formed on SWCNTs and RGO are listed in Tables 4
and 5. After 3 h isothermal crystallization with the assistance of SC CO2, the diameter of PE21M
crystals formed on SWCNTs at 50 ◦C and 10 MPa, 23.5 ± 1.0 nm, is larger than that of crystals via
solution isothermal crystallization after 6 h (20.2 ± 1.1 nm, Table 1). As the SC CO2 pressure increases,
the diameter of PE21M formed on SWCNTs at 15 MPa increases to 28.3 ± 1.1 nm. Similarly, the lamellae
size of PE21M formed on RGO at 10 MPa, 20 ± 1.3 nm, is also larger than that of crystals formed
without the assistance of SC CO2 after 6 h of isothermal crystallization (Table 2). This suggests that SC
CO2 can accelerate the lateral growth of lamellae. The diameter of the PE21M kebab decreases with the
increasing pressure of SC CO2, from 28.3 ± 1.1 at 15 MPa to 20.5 ± 1.1 nm at 20 MPa. This phenomenon
has also been observed previously [36–38], which can be attributed to the amount and speed of the
PE21M molecular precipitation being greatly increased and the crystal growth being restrained at the
excessively high CO2 pressure. The interval of PE21M kebabs formed on SWCNTs becomes smaller
due to the larger deposition of the PE21M chain, from 18.9 ± 0.8 nm at 10 MPa and 20.6 ± 0.9 nm at
15 MPa to 16.5 ± 0.8 nm at 20 MPa. For the crystallization of PE21M on RGO, the average sizes of
the rod-like crystals of PE21M/RGO nanocomposites are about 20.0 ± 1.3, 28.0 ± 1.3, and 30.0 ± 1.5 nm,
respectively, for 10, 15, and 20 MPa, which increase with the increasing pressure of SC CO2. The density
of the rod-like crystals has the same variation rule, i.e., increases from 11/0.01 μm2 at 10 MPa and
15/0.01 μm2 at 15 MPa to 18/0.01 μm2 at 20 MPa. This fact indicates that the large deposition of
molecular chains under SC CO2 is beneficial to the attachment of PE21M on the surface of RGO,
which then promotes the crystal growth. We can also find from Figures 4 and 5 and Tables 4 and 5 that
the thicknesses of the crystal lamellae produced with the assistance of SC CO2 are almost consistent
with those prepared by traditional solution crystallization. This suggests that SC CO2 can promote the
lateral growth of lamellae on CNTs and RGO, but it cannot change the thickness of the crystal lamellae,
which is directly related to crystallization temperature. There is an optimum SC CO2 pressure of 15 MPa,
at which the rod-like crystal lamellae size is the maximum.

Figure 4. TEM images of PE21M/SWCNT nanocomposites produced at different SC CO2 pressures:
(a) 10 MPa, (b) 15 MPa, and (c) 20 MPa in p-xylene at 50 ◦C for 3 h.
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Table 4. The average size of PE21M lamellae formed on SWCNT with the assistance of SC CO2 based
on the TEM images of 200 lamellae.

Sample (Pressure) Diameter of Kebab (nm) Thickness of Kebab (nm) Interval of Kebab (nm)

PE21M/SWCNT (10 MPa) 23.5 ± 1.0 5.4 ± 0.6 18.9 ± 0.8
PE21M/SWCNT (15 MPa) 28.3 ± 1.1 5.5 ± 0.5 20.6 ± 0.9
PE21M/SWCNT (20 MPa) 20.5 ± 1.1 5.4 ± 0.7 16.5 ± 0.8

Figure 5. TEM images of PE21M/RGO nanocomposites produced at different SC CO2 pressures:
(a) 10 MPa, (b) 15 MPa, and (c) 20 MPa in p-xylene at 60 ◦C for 3 h.

Table 5. The average size of PE21M lamellae formed on RGO with assistance of SC CO2 based on the
TEM images of 200 lamellae.

Sample (Pressure) Size of Lamellae (nm) Thickness of Lamellae (nm) Density (number/0.01 μm2)

PE21M/RGO (10 MPa) 20.0 ± 1.3 5.4 ± 0.6 11
PE21M/RGO (15 MPa) 28.0 ± 1.3 5.6 ± 0.4 15
PE21M/RGO (20 MPa) 30.0 ± 1.5 5.6 ± 0.6 18

3.2. Thermal Behavior of PE21M/Nanofiller Composites

The melting behaviors of PE21M/nanofiller composites were measured by differential scanning
calorimetry (DSC), as depicted in Figures 6 and 7. The melting peak temperatures of PE21M/nanofillers
produced at 40 ◦C and 60 ◦C cannot be measured by DSC due to the very small size and quantity of
epitaxial crystallized lamellae (Figures 1 and 3) and that of PE21M/nanofillers produced at 50 ◦C are
60.2 ◦C for PE21M/SWCNT and 60.5 ◦C for PE21M/RGO, which are all lower than that of PE21M (62.8 ◦C).
This indicates that the thickness of lamellae formed on nanofillers is smaller than that of PE21M.
We can also find from Table 6 that the melting temperature of PE21M/RGO nanocomposites is almost
the same with that of PE21M/SWCNT under the same crystallization conditions, suggesting the
analogical thickness of lamellae in both nanocomposites. The value of the heat of fusion (ΔH) of
PE21M and nanocomposites are summarized in Table 6. The value of ΔH of PE21M/RGO composites
is 0.16 J/g, much lower than 0.52 J/g of PE21M/CNT composites, which suggests that the quantity of
crystals formed on RGO is much smaller than that formed on CNT.
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Figure 6. First heating curves of PE21M and PE21M/nanofiller composites in DSC measurement
at a constant heating rate of 10 ◦C/min. (a) PE21M/SWCNT nanocomposites, and (b)
PE21M/RGO nanocomposites.

Table 6. Melting data of PE21M and PE21M/nanofiller composites.

Sample Tm (◦C) Peak Tm (◦C) Onset Onset-End (◦C) ΔH (J/g)

PE21M 62.8 58.0 6.8 18
PE21M/SWCNT 60.2 54.0 10.5 0.52
PE21M/RGO 60.5 56.2 5.7 0.16

PE21M/nanofiller composites produced at 50 ◦C and 15 MPa SC CO2 pressure were taken as the
example to investigate the influence of SC CO2 on the melting behavior of PE21M crystals. We can
find from Figure 6 and Table 7 that the melting peak temperature of PE21M/SWCNT nanocomposites
produced at 50 ◦C is 60.5 ◦C for 15 MPa, which is almost consistent with that prepared by traditional
solution crystallization (60.2 ◦C in Table 6). The same result is also observed in PE21M/RGO
nanocomposites. The values of ΔH of PE21M/SWCNT and PE21M/RGO nanocomposites prepared
at 50 ◦C and 15 MPa SC CO2 pressure are 0.71 and 0.34 J/g, respectively, larger than that prepared
by traditional solution crystallization (0.52 and 0.16 J/g shown in Table 6). This further suggests that
supercritical CO2 can promote the growth of lamellae on CNT and RGO, but the thickness of the crystal
lamellae is directly related to crystallization temperature. The melting ranges of PE21M/SWCNT and
PE21M/RGO nanocomposites prepared at 50 ◦C and 15 MPa SC CO2 pressure are 13.5 and 12.2 ◦C,
respectively, larger than that prepared by traditional solution crystallization (10.5 and 5.7 ◦C shown
in Table 6). This is because the amount and speed of the PE21M precipitation from supercritical CO2

is large, leading to the formation of more lamellae with inhomogeneous thickness.
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Figure 7. First heating curves of PE21M and PE21M/nanofiller composites produced at 50 ◦C
and 15 MPa SC CO2 pressures in DSC measurement at a constant heating rate of 10 ◦C/min.
(a) PE21M/SWCNT nanocomposites, and (b) PE21M/RGO nanocomposites.

Table 7. Melting data of PE21M and PE21M/nanofiller composites produced at 15 MPa SC
CO2 pressure.

Sample Tm (◦C) Peak Tm (◦C) Onset Onset-End (◦C) ΔH (J/g)

PE21M 62.8 58.0 6.8 18
PE21M/SWCNT 60.5 50.7 13.5 0.71
PE21M/RGO 60.7 52.5 12.2 0.34

3.3. Crystalline Structure of PE21M/Nanofiller Composites

X-ray diffractograms of PE21M/nanofiller composites are exhibited in Figure 8 together with the
patterns of PE21M and nanofillers. As shown in Figure 8a, two peaks centered at 19.4◦ and 22.2◦ in the
XRD pattern can be observed, assigned to pure PE21M, indexed as (100) and (010) reflections of the
triclinic cell [31]. For pristine nanofillers, the peak at 26.8◦ is assigned to the (002) reflection of carbon.
Two peaks of 19.4◦ and 22.2◦ in PE21M/nanofiller composites are weak compared to virgin PE21M.
This can be due to the fact that the quantity of epitaxial crystallized lamellae is small (Figures 1 and 3),
which results in the weak diffracted intensities of (100) and (010) reflections. All the peaks for PE21M
and nanofillers are found in the XRD pattern of PE21M/nanofiller composites without the obvious
peak shift. This indicates that the nanofillers have quite a small influence on the crystal structure
of PE21M. The XRD of PE21M/nanofiller composites prepared with the assistance of supercritical
CO2 (Supplementary Data Figures S2 and S3) again show the same results, further indicating that
supercritical CO2 cannot change the crystal structure of PE21M/nanofiller composites although it can
effectively promote the growth of lamellae on CNT and RGO.
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Figure 8. XRD diffractograms of PE21M, nanofillers, and PE21M/nanofiller composites.
(a) PE21M/SWCNT nanocomposites, and (b) PE21M/RGO nanocomposites.

The substituent has a significant impact on the crystallization behavior of polyethylene since it
acted as a defect of the chain to disturb the length of the continuous methylene sequences. This is
confirmed by the fact that the orthorhombic lattice of PE21F is larger compared to that of HDPE, and the
crystal lattice of PE21Cl and PE21Br are triclinic due to the accommodation of the bulky substituents [27,30].
Meanwhile, the melting temperatures of PE21F, PE21Cl, and PE21Br continuously decreased. With
the substituent volume increasing in methyl (2 Å), the melting temperature of PE21M is much lower
because of the lower-order triclinic form [27,30,31]. In our previous works [37,38], RGO could induce
the structural transformation of PE21Cl and PE21Br from the triclinic form to the ordered orthorhombic
form and generate extraordinary high melting temperatures due to the perfect lattice matching
between polymers and RGO. SWCNT can only induce PE21Br to the orthorhombic form, and the
melting temperatures of PE21Br/SWCNT nanocomposites are also lower than that of PE21Br/RGO
nanocomposites because of the absent strict epitaxial crystallization. The results showed the capability
that RGO induces substituted polymers to crystallize and generate an ordered chain packing structure
because of the lattice matching. In this study, the triclinic lattice of PE21M cannot be changed by the
induction of CNT and RGO. This suggests that the strong inductive effect from CNT and RGO cannot
surmount the obstacle of methyl to the conformational adjustment of the PE21M molecular chain.
Therefore, we conclude that polymers with the substituent volume greater than or equal to 2 Å (methyl)
cannot be induced by CNT and graphene to form an ordered lattice structure. On the other hand,
CNT and RGO show the different abilities that induce PE21M to nucleate, which can be explained
by the different inducing mechanisms of both nanofillers. CNT induces the polymer to crystallize
based on “soft epitaxy”, that is, regardless of the lattice matching between the polymer chain and the
graphitic sheet. Therefore, the number of the PE21M crystal nucleus formed on CNT was unaffected
by the bulkier substituent, while, for two-dimensional RGO, the mechanism of RGO inducing the
polymer is lattice matching, which will require adjusting the chain conformation to the surface of RGO.
However, the bulky volume of methyl impedes the conformation adjustment of the PE21M chain,
impacting the attachment of PE21M chain to the surface of RGO and nucleation. Consequently,
the density of PE21M rod-like crystals formed on RGO is much smaller than that of kebab crystals
on CNT.

4. Conclusions

The epitaxial crystallization behavior of PE21M on two different types of structural nanofillers,
SWCNT and RGO, was investigated. The size and quantity of epitaxial crystallized lamellae formed on
the surface of the nanofillers is small due to the bulkier substituent. The most suitable crystallization
temperature for PE21M nanocomposites in p-xylene is 50 ◦C, at which the largest size and the most
uniform lamellae of PE21M are formed. SC CO2 can accelerate the growth of lamellae and improve
the production of lamellae formed on nanofillers and the optimum SC CO2 pressure for forming the
maximum lamellae size is 15 MPa. The disparity in the density of crystals on CNT and RGO can be
attributed to the different inducing mechanisms that show the different abilities of both nanofillers
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to induce PE21M to nucleate. The triclinic crystal lattice structure and crystallizable sequence length
of PE21M remain unchanged in the PE21M/nanofillers composite system. Therefore, the methyl
is the threshold volume of the substituent that could be induced by nanofillers to form an ordered
lattice structure. This study helps us infer whether substituted or branched polymers can be induced by
carbonaceous nanofillers to crystallize and generate an ordered chain packing structure according to the
volume of the substituent or branch. Meanwhile, it offers a referral to fabricate polymer-carbonaceous
nanocomposites with a controllable chain packing structure and expected physical properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/8/4/168/s1;
Figure S1. 1H NMR for (A) PE21M, (B) unsaturated polymer, and (C) monomer; Figure S2. XRD diffractograms
of PE21M and PE21M/SWCNT composite produced at 50 ◦C and 15 MPa SC CO2 pressure; Figure S3. XRD
diffractograms of PE21M and PE21M/RGO composite produced at 50 ◦C and 15 MPa SC CO2 pressure.
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Abstract: Unlike conventional bulk or film materials, one-dimensional (1D) semiconducting zinc
oxide (ZnO) nanostructures exhibit excellent photoelectric properties including ultrahigh intrinsic
photoelectric gain, multiple light confinement, and subwavelength size effects. Compared with
polycrystalline thin films, nanowires usually have high phase purity, no grain boundaries,
and long-distance order, making them attractive for carrier transport in advanced optoelectronic
devices. The properties of one-dimensional nanowires—such as strong optical absorption,
light emission, and photoconductive gain—could improve the performance of light-emitting diodes
(LEDs), photodetectors, solar cells, nanogenerators, field-effect transistors, and sensors. For example,
ZnO nanowires behave as carrier transport channels in photoelectric devices, decreasing the
loss of the light-generated carrier. The performance of LEDs and photoelectric detectors based
on nanowires can be improved compared with that of devices based on polycrystalline thin
films. This article reviews the fabrication methods of 1D ZnO nanostructures—including chemical
vapor deposition, hydrothermal reaction, and electrochemical deposition—and the influence of
the growth parameters on the growth rate and morphology. Important applications of 1D
ZnO nanostructures in optoelectronic devices are described. Several approaches to improve the
performance of 1D ZnO-based devices, including surface passivation, localized surface plasmons,
and the piezo-phototronic effect, are summarized.

Keywords: zinc oxide; one-dimensional nanostructure; light-emitting diode; photodetector; localized
surface plasmon; piezo-phototronic effect

1. Introduction

The small size of one-dimensional (1D) nanomaterials leads to unique electrical, mechanical,
chemical, and optical properties that are attractive for application in nanoscience and nanotechnology.
In particular, 1D zinc oxide (ZnO) is a representative nanomaterial with excellent properties, such as
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ultrahigh intrinsic photoelectric gain and multiple array light confinement. Thus, ZnO nanomaterials
have been well studied in recent years with the goal of constructing advanced optoelectronic devices
with improved performance [1]. It is anticipated that 1D ZnO nanomaterials could be used as an
important basic unit of nanostructured systems. Several types of 1D ZnO nanostructures have
been reported, including nanowires [2–6], nanorods [7–9], nanobelts [10–13], and nanotubes [14–16].
Considering actual application requirements, 1D ZnO nanomaterials are usually considered an ideal
medium to construct optoelectronic devices. The performance of optoelectronic devices could be
improved using 1D ZnO nanomaterials because of their excellent properties, such as carrier transport
with high mobility, efficient light confinement, and light emission. Thus, 1D ZnO nanowires are
usually used in devices for applications such as light emission, photon detection, and biochemical
sensing. In addition, nanowire-like structures could be considered as an ideal system for physical
studies investigating the carrier transport, light confinement, and energy loss behaviors of 1D
confined objects. Therefore, 1D ZnO nanowires are favorable not only for examining the basic
phenomena of low-dimensional systems, but also for constructing new types of nanodevices that
exhibit high performance.

As a member of the II-VI family, ZnO possesses properties such as a wide direct band gap of
3.37 eV, large exciton binding energy of 60 meV at room temperature, and suitable features for feasible
production of nanomaterials. Potential applications of ZnO materials include optical waveguides [17],
varistors [18], solid-state lighting [19], gas sensors [20], and transparent conductive films. Because of its
wide band gap, ZnO is a promising candidate material for use in solid-state optoelectronics that emit
in the blue or ultraviolet (UV) spectral range, including lasers. In addition, the large exciton binding
energy of ZnO means that it can display efficient excitonic emission even at room temperature [21].

Various fabrication methods of 1D ZnO nanomaterials have been developed, such as vapor
transport [5], hydrothermal reaction [8,11,16,22], electrodeposition [12,23], chemical vapor deposition
(CVD) [24,25], molecular beam epitaxy [26], and pulsed laser deposition [27]. These methods can
be used to obtain samples on substrates such as Si, quartz, and sapphire. Each method has its
specific merits and inevitable weaknesses. The gas vapor approaches can fabricate high-quality
single-crystalline ZnO nanostructures. However, these processes require high temperatures (about
450–1000 ◦C) and often have other limitations, including poor sample uniformity, narrow substrate
choice, and low product yield. Solution processing is one of the most commonly used methods
to prepare 1D ZnO nanomaterials because of its low cost, controllability, and compatibility with
large-area manufacturing.

Compared with other 1D nanomaterials, ZnO has three prominent advantages: first, it is
a semiconductor with a piezoelectric effect, which is the basis for electric mechanical coupling
sensors and inverters; second, the biosecurity and biocompatibility of ZnO is relatively high,
so it can be used in medicine; third, ZnO has the largest range of known nanostructures,
including nanowires [2–6], nanorods [7–9], nanobelts [10–13], nanotubes [14–16], nanoplates [28–30],
nanospheres [31], nanotrees [32], nanoleaves [33], and nanosails [34]. In addition, ZnO tetrapod [35],
microrod/microwire [36,37], porous array [38], matrix [39], and 3D network nanostructure [20,40]
have been obtained. At present, many researchers are focusing on constructing devices based on
ZnO nanomaterials. New devices based on 1D ZnO nanomaterials are constantly being developed,
such as room-temperature lasers, light-emitting diodes (LEDs), photodetectors, sensors, and transistors.
These devices containing 1D ZnO nanomaterials exhibit better performance than that of devices
with thin films and bulk materials. The excellent performance of new devices based on 1D ZnO
nanomaterials reveal their great potential for applications in many fields.

Previously, there were some review articles about ZnO nanostructure, for example, Wang et al.
reviewed various nanostructures of ZnO using solid-vapor phase technique, growth mechanisms, the
application of nanobelts in nanosensors, field effect transistors, and nanoresonators [1]. Yi et al.,
reviewing the fabrication method and doping of ZnO nanorods, also discussed the properties
related to ZnO nanorods, including luminescence, field emission, electron transport, as well as
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various applications [41]. Wang comprehensively reviewed various ZnO nanostructures fabricated
by wet chemical methods, their doping and alloying, patterned growth, application in catalysis,
surface modification, sensing, optoelectronic, and so on [42]. The review mainly focuses on the effect
of growth conditions on 1D ZnO nanostructures and achievements of 1D ZnO-based photodetectors
and LEDs, and, in particular, the promising approaches to improve the performance of LEDs
and photodetectors.

In this review, we briefly introduce the properties of ZnO, review the growth methods of 1D
ZnO nanomaterials, and describe the progress and current status of photoelectric devices (LEDs and
photodetectors) based on 1D ZnO nanomaterials. Section 2 provides a brief introduction to the basic
properties of 1D ZnO nanostructures. Section 3 covers the fabrication of 1D ZnO nanostructures,
including CVD, hydrothermal reaction, and electrodeposition, and describes the influence of growth
parameters on the growth rate and morphology of 1D ZnO nanostructures. Finally, we focus on
LEDs and photodetectors based on 1D ZnO nanomaterials. The recent achievements of ZnO-based
photodetectors and LEDs with different device structures and promising approaches to improve the
performance of LEDs and photodetectors—including surface passivation, localized surface plasmons
resonance (LSPR), and the piezo-phototronic effect—are discussed.

2. Basic Properties of ZnO

ZnO is II-VI compound semiconductor with direct wide band gap of 3.37 eV at room temperature.
ZnO has three typical crystal structures: wurtzite, zinc blende, and rock salt. The thermodynamically
stable phase of ZnO at ambient temperature and pressure is wurtzite. The zinc blende structure can be
stabilized by growth on cubic substrates. The rock-salt structure can be fabricated at high pressure [21].

Wurtzite ZnO has a hexagonal structure with lattice parameters a and c and belongs to the P63mc
space group. The lattice parameter a mostly ranges from 0.32475 to 0.32501 nm, and c typically
ranges from 0.520642 to 0.52075 nm [43]. The deviation of ZnO lattice constants from the ideal
values is probably caused by the presence of point defects, such as zinc antisites, oxygen vacancies,
and dislocations [21]. As illustrated in the schematic of the wurtzite ZnO structure shown in
Figure 1, both Zn and O atoms arrange in a hexagonal close-packed (hcp) pattern and are stacked
alternately along the c-axis. Furthermore, each kind of atom is surrounded by four atoms of the
other kind, and the O2− or Zn2+ of two adjacent layers form a tetrahedral structure. The resulting
non-centrosymmetric structure of wurtzite ZnO can result in piezoelectricity and the thermoelectric
effect. A ZnO single crystal exhibits very strict crystallographic polarity. The polar plane of such a
crystal is the basal plane, which is composed of the Zn (0001) plane and O (0001) plane, inducing a
normal dipole moment, spontaneous polarization along the c-axis, and a distinct surface energy [1,21].

Figure 1. Schematic illustration of the wurtzite ZnO structure.

121



Crystals 2018, 8, 223

3. Growth of ZnO Nanostructures

ZnO probably possesses the richest variety of reported nanostructures, which are typically
categorized into three groups: zero-dimensional, 1D, and two-dimensional. The four most
common types of 1D ZnO nanostructures are nanowires [2–6], nanorods [7–9], nanobelts [10–13],
and nanotubes [14–16]. Many approaches have been used to fabricate 1D ZnO nanostructures, such as
CVD [4–6], hydrothermal processing [8,11,16,22], electrochemical deposition [12,23], and magnetron
sputtering [44], with and without a catalyst.

3.1. Chemical Vapor Deposition

CVD is the one most commonly used methods to synthesize 1D ZnO nanostructures. In the CVD
synthesis process, ZnO powder, Zn powder, or another Zn compound is used as the raw material
after evaporation, reduction/oxidation, decomposition/combination, and other physical and chemical
changes. The growth process is commonly carried out in a horizontal tube furnace, which consists of a
horizontal tube heater, an alumina or quartz tube, a gas supply, and a control system. The fabrication
of 1D ZnO nanostructures by CVD is generally affected by the synthesis parameters, such as the
growth temperatures of the source and substrate, the distance between the source and substrate,
heating rate, carrier gas (including gas species and flow rate), tube diameter, pressure, and atmosphere.
Usually, the vapor–liquid–solid (VLS) process is used for 1D ZnO nanostructure growth via CVD,
which requires a catalyst such as gold (Au) [5], copper (Cu) [45], stannum (Sn) [46], or cobalt (Co) [47].
The liquid droplet serves as a preferential site for absorption of the gas-phase reactant until the droplet
is saturated and then becomes the nucleation site for crystallization. During growth, the catalyst
droplet regulates the growth direction and controls the diameter of the nanowire [1]. Control of the
nanowire diameter has also been achieved by varying the Au layer thickness. As shown in Figure 2,
when the Au film coated on a substrate was 5 nm thick, the ZnO nanowires had diameters of 80–120 nm
and lengths of 10–20 μm. When the Au film was 3 nm thick, the ZnO nanowires had diameters of
40–70 nm and lengths of 5–10 μm [5]. In addition to using external catalysts, Zn itself can act as a
catalyst under certain conditions to prepare 1D ZnO nanostructures [48].

Figure 2. Scanning electron microscopy (SEM) images of ZnO nanowires grown on silicon substrates
coated with gold films with a thickness of (a) ~5 nm and (b) 3 nm [5]. Reproduced with permission.

The influence of different catalyst thin films on the morphology and even nucleation process of
ZnO nanomaterials varies. Osgoods et al. systematically studied ZnO nanowire growth using diverse
metal catalysts (Au, Ag, Ni, and Fe) and substrates (Si, sapphire) with different structures and crystal
orientation. SEM images of the nanowires are shown in Figure 3 [41–49]. The ZnO nanowires grew
through the vapor–solid mechanism in the case of an iron (Fe) catalyst and via the VLS process using
Au, Ag, or Ni as the catalyst. The ZnO nanostructures grown using different catalysts possessed
differences in not only size and the ratio of length to diameter, but also the atomic composition ratio of
Zn to O. Thus, the relative intensity of the oxygen vacancy-related emission in photoluminescence
spectra of nanostructures grown on different thin films varied.
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Figure 3. SEM images of ZnO nanowires fabricated on (a) Au-coated Si (111) and (b) Au-coated a-plane
sapphire; (c) a-plane (110) sapphire coated with a 2.5 nm Ag film and (d) c-plane (001) sapphire coated
with a 2.5 nm Ag thin film. SEM images (tilt angle of 60◦) of ZnO nanowires grown on (e) an a-plane
(110) sapphire substrate coated with a 2.5 nm Fe thin film and (f) a-plane sapphire with a 2.5 nm Ni
thin film [49]. Reproduced with permission.

A ZnO thin film or other transition layer can be prepared on the substrate to facilitate the
nucleation growth of 1D ZnO nanostructures. Fang et al. [6] demonstrated that ZnO thin films
fabricated by electron-beam evaporation can provide nucleation sites to control the growth direction of
ZnO nanowires. In addition, the density of ZnO nanowires could be adjusted by varying the thickness
of the ZnO thin film, as shown in Figure 4. Yang and coworkers fabricated radial ZnO nanowire arrays
on Si substrates with an amorphous carbon thin layer without a metal catalyst [50].

Figure 4. SEM images of ZnO nanorods grown on (a) a silicon wafer and (b) a ZnO nanostructured
thin film [2]. Reproduced with permission.
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3.2. Hydrothermal Method

The hydrothermal method is a very powerful technique for the growth of 1D ZnO nanomaterials,
which involves chemical reaction of substances in solution at a certain temperature and pressure
to fabricate the nanomaterials. This technique enables the synthesis of most materials with the
required physical and chemical properties. Compared with other conventional preparation methods,
the hydrothermal method has many advantages, such as low cost, simplicity, limited pollution,
good nucleation and shape control, and low-temperature (<200 ◦C) growth at higher pressure in
the presence of an appropriate solvent. In addition, the size distribution of materials obtained by the
hydrothermal technique is uniform, with hardly any aggregation. The shape and size of the prepared
materials are influenced by several processing parameters, such as the molar ratio and concentration
of the reactant, temperature, and reaction time.

Vayssieres et al. [2,51] first used the hydrothermal method to fabricate ZnO nanorods in 2001.
Equimolar mixed solutions of zinc nitrate (Zn(NO3)2) and hexamethylenetetramine (C6H12N4, HMT)
with different concentrations (1–10 mM) were heated at a constant temperature of 95 ◦C for several
hours. The products were cleaned and then dried to give ZnO nanorod arrays. Various materials were
used as substrates in their hydrothermal growth of ZnO nanostructures; for example, polycrystalline
fluorine-doped tin oxide (FTO)-coated glass, single-crystalline sapphire, and Si/SiO2 wafers with
ZnO thin films. The experiments showed that the diameter of ZnO nanorods was controlled by the
concentration of the precursors. As the concentration of the solution was lowered from 10 to 1 mM,
the diameter of the nanorods decreased from 100–200 nm to 10–20 nm. SEM images of the ZnO
nanorods fabricated by the hydrothermal method are shown in Figure 4. In this approach, only two
kinds of chemical solutions with good solubility are needed. The two solutions can readily mix
uniformly and promote ZnO formation, greatly simplifying and lowering the cost of the experimental
process. The simple setup for hydrothermal growth of ZnO nanostructures is also beneficial to improve
the purity of products and study the influence of synthetic parameters on nanostructure formation.

The method developed by Vayssieres and colleagues has since been greatly improved and remains
in common use because of its simplicity. To improve the quality of the product and the controllability of
the deposition process, a crystalline seed layer can be prepared on the substrate prior to hydrothermal
growth. In 2003, Yang’s group grew uniform ZnO nanowires on various substrates (e.g., Si (100) wafers
and flexible polydimethylsiloxane films) using a two-step hydrothermal method [52]. The first step
involved the preparation of a seed layer of ZnO nanocrystals with a diameter of 5–10 nm, which were
spin-cast several times on the substrate to give a seed-layer thickness of 50–200 nm. The second step
was ZnO nanowire growth by the hydrothermal method. The substrate with a seed crystal layer
was placed in an open crystallizing dish filled with an equimolar solution of zinc nitrate hydrate and
methenamine or diethylenetriamine (0.025 M) at 90 ◦C. Other research groups have prepared seed
crystals using techniques such as pulsed laser deposition [14], magnetron sputtering [53], the sol–gel
method [22,54], and atomic layer deposition [55]. Using small, homogeneous ZnO nanocrystals as
a seed layer can provide nanowires that are small in diameter, well aligned, and in intimate contact
with the substrate. In addition, the existing seeds could bypass the nucleation step, promoting growth
on the seeds rather than nucleation in the homogeneous bulk solution. ZnO nanowires tend to grow
wherever there are ZnO seeds; therefore, the density of nanowires is usually quite high [42]. As a
result, the density of ZnO nanowires can be controlled by the thickness of the seed layer [22].

Although it is practical and effective to prepare ZnO nanostructures by the hydrothermal method
using Zn(NO3)2 and HMT as raw materials, this approach does have shortcomings. For example,
it is difficult to obtain ZnO nanomaterials with a large ratio of length to diameter. To increase
the aspect ratio of the ZnO nanostructures, poly(ethylenimine) can be added to the reaction
solution [56]. The addition of a low concentration of sodium citrate can alter the morphology of
the ZnO nanorods. Sun et al. [57] prepared ZnO nanorods via cetyltrimethylammonium bromide
(CTAB)-assisted hydrothermal oxidation of Zn metal at 180 ◦C. CTAB played important roles in the
growth of ZnO nanorods, affecting the erosion process and growth orientation.
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Kim et al. [8] prepared single-crystalline vertically aligned ZnO nanorod arrays on various
substrates (Si, SiO2, and FTO glass) using a polymer-templated hydrothermal method at a low
temperature of 93 ◦C. To ensure that the ZnO nanorods grew along the c-axis [0001] direction and to
minimize the crystal mismatch with the substrate, a c-oriented ZnO seed layer was first fabricated
by the sol–gel method. The morphologies of the resulting nanostructures could be transformed
from rodlike to pencil-like, needle-like, tubelike, treelike, and spherelike by exploiting the structural
polarity of the ZnO nanorods and adjusting the growth parameters, including the seed layer, pH,
and temperature, as summarized in Figure 5. Thus, Kim and coworkers developed a simple process to
obtain ZnO nanorods with controllable size, density, and lattice.

Figure 5. (a) Overview of the preparation process of periodic ZnO nanorods on various substrates
(Si (100), SiO2, and FTO glass); (b) high-resolution SEM images of the various ZnO nanostructures
obtained using different reaction parameters [8]. Reproduced with permission.

3.3. Electrochemical Deposition

Electrochemical deposition has been widely used to obtain uniform and large-area growth of ZnO
nanostructures [58]. Electrochemical deposition has many advantages, such as scalability, low cost,
and easy handling [59]. Compared with ordinary chemical solution methods (e.g., hydrothermal
methods), electrochemical deposition includes an external driving electric field in the reaction process,
thus promoting reactions that are otherwise nonspontaneous. A standard three-electrode system
with a saturated Ag/AgCl electrode as the reference electrode, Pt as the counter electrode (anode),
and growth substrate as the working electrode is the typical setup for electrochemical deposition.
In this case, the substrate serves as the cathode, so it must be conductive regardless of whether it is
flat or curved. The substrate cathode is placed parallel to the anode in an aqueous solution of zinc
salt (electrolyte). The chemical reaction is carried out in an electrolytic cell placed in a water bath to
maintain a constant temperature.

Various groups have fabricated 1D ZnO nanostructures on FTO [60,61], indium-doped tin oxide
(ITO) [62], polycrystalline Zn foil [63], and Si [64] substrates. Mari et al. [65] studied the influence
of the bath temperature, current density, and deposition time on the growth rate of ZnO nanorods.
Their results showed that the length of the nanorods increased with the current density and deposition
time. Temperature had the opposite effect: the nanorods were longer when the deposition temperature
was low. Xu and coworkers investigated the morphological control of ZnO nanostructures induced by
addition of different capping agents, such as potassium chloride (KCl), ammonium fluoride (NH4F),
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ammonium acetate (CH3COONH4), and ethylenediamine (EDA) [62]. The morphology of the ZnO
structures evolved from hexagonal rods to rhombohedral rods and woven nanoneedles upon varying
the compositions of the mixed capping agents, as depicted in Figure 6.

Figure 6. SEM images of the ZnO nanostructures formed by electrochemical deposition in solutions
containing (a) 0.05 M Zn(NO3)2; (b) 0.05 M Zn(NO3)2 + 0.06 M KCl; (c) 0.05 M Zn(NO3)2 + 0.02 M
NH4F; (d) 0.05 M Zn(NO3)2 + 0.2 M NH4F; (e) 0.05 M Zn(NO3)2 + 0.013 M ethylenediamine (EDA);
and (f) 0.05 M Zn(NO3)2 + 0.06 M KCl + 0.01 M EDA [62]. Reproduced with permission.

Generally, zinc chloride (ZnCl2) is used as the Zn2+ precursor when ZnO is deposited from
the reduction of O2 or H2O2. Zaera et al. [66] examined the effect of chloride (Cl−) concentration,
which was mainly supplied by the KCl supporting electrolyte, on the mechanism of ZnO nanowire
growth driven by O2 reduction. The rate of oxygen reduction decreased with rising Cl− concentration,
and the deposition rate and dimensions of ZnO nanowire arrays could be tuned by varying the
Cl− concentration of the solution, as shown in Figure 7. The effect of different anions (Cl−, SO4

2–,
and CH3COO−) on the reduction of dissolved O2 in the deposition solution has also been studied [67].
The observed differences in the O2 reduction rate were explained by the different adsorption behaviors
of the anions. Therefore, the different adsorption behaviors of the anions on ZnO surfaces could affect
the generation rate of hydroxide ions and influence the morphology and growth rate of the ZnO
nanowires. It was also demonstrated that the diameter and length of ZnO nanowires could be adjusted
by varying the type of anions in the deposition solution. In particular, the nanowires grown in the
presence of Cl− and CH3COO− possessed low and high aspect ratios, respectively.

126



Crystals 2018, 8, 223

Figure 7. Cross-sectional SEM images of ZnO nanowire arrays obtained by electrochemical deposition
using KCl concentrations of (a) 5 × 10−2 M; (b) 1 M; (c) 2 M; and (d) 3.4 M [66]. Reproduced
with permission.

ZnO nanowires can also be fabricated by electrochemical deposition assisted by templates,
including anodic aluminum oxide (AAO) [68–70], polycarbonate membranes [71,72], and porous
films. AAO templates are widely used in the preparation of ZnO nanowires because of their simplicity
and suitability for large-area, well-distributed nanowire fabrication. AAO templates can be prepared
through a two-step anodization process [68,70]. The AAO template can be removed after nanowire
growth, leaving the free-standing nanowires. Yi et al. [68] synthesized Zn nanowires consisting of
the wurtzite hcp-Zn phase by electrodeposition on an AAO template with nanometer-sized pores.
ZnO nanowires were then obtained by annealing the Zn nanowires at different temperatures for
10 h. Research has shown that this technique can provide not only ZnO nanowires, but also other
semiconductor oxide nanostructures. However, ZnO and Al2O3 are amphoteric oxides, which makes
the selective removal of the AAO membrane from the ZnO nanowires difficult. Polycarbonate
membrane templates can be easily dissolved in chloroform, which makes them attractive to prepare
free-standing 1D ZnO nanostructures. Wang and colleagues fabricated randomly distributed ZnO
nanowires using a polycarbonate template [71]. Zeng et al. fabricated ZnO nanowire lines and bundle
arrays on polystyrene (PS) template, as sown in Figure 8. The density of ZnO nanowires on Si substrate
with 200 nm PS sphere template has decrease tendency with the heating time [73].
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Figure 8. SEM images of 200 nm polystyrene (PS) sphere monolayer templates (a) and ZnO
nanowires grown on 200 nm PS sphere template with beating time of 0 min (b); 3 min (c); 5 min
(d), respectively [73]. Reproduced with permission.

4. Applications of 1D ZnO Nanostructures

4.1. Light-Emitting Diodes

An important feature of 1D ZnO nanomaterials is their excellent light transmission characteristics,
which makes them attractive for use in high-efficiency UV LEDs and laser devices. ZnO nanomaterials
display a direct wide band gap and large exciton binding energy at room temperature. UV LEDs
have practical applications in solid-state lighting, UV photolithography, high-density data storage,
and biomedical analysis [74]. The basis of LED construction is formation of a p–n junction.
Unintentionally doped ZnO usually presents n-type conductivity. It is difficult to obtain p-type
ZnO of high quality because of its low dopant solubility, deep acceptor level, and self-compensation
effect. Therefore, the initial ZnO LEDs were constructed with other p-type semiconductors to form
p–n heterojunctions that exhibited electroluminescence (EL). In the early stages, ZnO light-emitting
devices were mainly based on thin films. After the thin-film LEDs were realized, many researchers
shifted their attention to the study of LEDs containing 1D ZnO nanomaterials.

In 2006, Chang and coworkers fabricated a heterojunction device consisting of a
ZnO nanowire array on an n-GaN film on a sapphire substrate and the p-type polymer
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS). This hybrid LED exhibited
multiple EL peaks at forward bias, including ZnO band edge emission at about 383 nm and other
peaks centered at 430, 640, and 748 nm [75]. Zhang et al. [76] synthesized an n-type ZnO nanowire
array on a p-type GaN film by CVD to produce a hybrid LED with high brightness. UV–blue EL
emission was observed from the heterojunction diode, which displayed a blue shift as the forward
bias increased. Tang et al. [77] fabricated an LED based on single n-ZnO/p-AlGaN heterojunction
nanowires. A schematic illustration and SEM image of their LED are displayed in Figure 9a,b,
respectively. When the injection current was 4 μA, UV EL emission with a peak at 394 nm was
observed, as shown in Figure 9c.
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Figure 9. (a) Schematic illustration of the ZnO/AlGaN heterojunction light-emitting diode (LED);
(b) SEM image of a single ZnO nanowire embedded in Au/Ti electrode films; (c) electroluminescence
(EL) spectra of the LED at different injection currents. Insets: (upper) SEM image of a single nanowire;
(lower) CCD image of the LED at an injection current of 4 μA [77]. Reproduced with permission.

Heterojunction diodes have been fabricated using n-type ZnO nanomaterials and
p-type organic/inorganic materials such as GaN [78–80], AlGaN, Si [81,82], MgZnO [83],
NiO [84], Cu2O, SiC, N,N′-di(naphth-2-yl)-N,N′-diphenylbenzidine (NPB) [85], PEDOT/PSS [75],
and [2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) [86]. Representative results
for heterojunction LEDs containing 1D ZnO nanostructures, along with a brief description of the
corresponding device structure, applied bias, and EL performance, are summarized in Table 1.

Table 1. 1D ZnO nanostructure-based heterojunction LEDs.

Device Structure
Turn-On
Voltage

Threshold Voltage
of Emission

Bias/Current
Wavelength of

EL Peak
Ref.

ZnO nanowire arrays/P-GaN 3 V 4.4 V 5–7 V/0.5–1.5 mA 397 nm [78]

ZnO nanowire arrays/P-GaN 3 V 4.4 V 6.5 V/2.6 mA 397 nm [79]

n-GaN/ZnO nanorod/P-GaN 5 V 6 V 382 nm, 430 nm [80]

Sb-doped p-ZnO nanowire
arrays/n-GaN 3.74 V 4.0 V 16 V 391 nm [87]

n-ZnO/p-AlGaN 2 V 4 μA 394 nm [77]

ITO/n-ZnO nanorod array/p+-Si 5 V (5 mA) 6 V 9.5 V/29.5 mA 450 nm, 700 nm [81]

n-ZnO nanorod/p-Si 9.5 V 387 nm, 535 nm [88]

p-Zn0.68Mg0.32O:N/n-ZnO nanowire 4.2 V 5 mA/125 mA cm2 390 nm [83]

p-NiO/n-ZnO nanowire 2.5 V 7 V 15 V 385 nm, 570 nm [84]

ZnO nanowire/polymer
(PEDOT/PSS) <3 V 3 V 383, 430, 640,

748 nm [75]

ZnO nanorod/NPB 22 mA/cm2 342 nm [85]

ZnO nanorods/MEH-PPV 28 V 380, 580, 615,
640, 747 nm, [86]

Many research groups are committed to obtaining p-type ZnO materials and have observed
EL emission from ZnO p–n homojunctions. To date, p-type ZnO nanostructures have been
realized by doping ZnO with group-V elements, including N [89], P [74,90], As [91,92],
and Sb [93]. However, there have been relatively few reports of p–n homojunction LEDs based on 1D
ZnO nanostructures.

Sun and coworkers obtained p-ZnO by As ion implantation into as-grown ZnO nanorods and then
constructed ZnO nanorod homojunction LEDs [92]. A schematic illustration of the homojunction LED
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is presented in Figure 10a. At forward bias, UV emission originating from free-exciton recombination
centered at about 380 nm was dominant, and a weak broad peak centered at about 630 nm was
observed in EL spectra collected at room temperature. The second harmonic of UV emission centered
at about 760 nm was also detected, as displayed in Figure 10b. The same group also used P as an
acceptor dopant to fabricate ZnO nanorod homojunction LEDs by P ion implantation [74]. Strong UV
emission attributed to near-band-edge emission and weak visible emission related to deep-level defects
were observed from both devices at forward bias.

Figure 10. (a) Schematic illustration of an As-doped p-ZnO/n-ZnO nanorod homojunction LED; (b) EL
spectra of a ZnO nanorod homojunction doped with As+ at 50 keV and 1014 cm−2 [92]. Reproduced
with permission.

However, there are some problems associated with heterojunction and homojunction LEDs based
on 1D ZnO nanostructures, which can prevent the development and application of ZnO-based LEDs.
For example, the heterostructured devices suffer from p-ZnO doping and large lattice mismatch.
A Schottky-type LED based on Au/ZnO nanowires was constructed to overcome these issues [94].
A schematic illustration of the LED is shown in Figure 11a. The EL spectra in Figure 11b reveal that
the LED displayed excitonic EL emission at about 380 nm at high forward bias.

Figure 11. (a) Schematic illustration of the Au/ZnO nanowire Schottky LED; (b) EL spectra of the
Schottky LED operating under different injection currents. Inset is a photograph of the device operating
at an injection current of 70 mA [94]. Reproduced with permission.

Although there have been some encouraging achievements in LEDs based on 1D ZnO
nanostructures, there are still some problems like the degradation of efficiency and stability caused
by surface defects, surface adsorption, the low quality of p-type ZnO, and/or a high content of
heterointerface defects. Surface passivation has been recognized as a promising approach to improve
the EL performance of ZnO-based LEDs. In this approach, a dielectric/semiconductor material is
coated on the surface of the 1D ZnO nanomaterial to form a core/shell nanostructure. Liu et al. [95]
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fabricated two types of LEDs on p-GaN films using MgZnO-coated and bare ZnO nanorod arrays
as active layers, as shown in Figure 12a. The EL performance of two types of LEDs is compared
in Figure 12b. A strong emission peak at 387 nm was present in the EL spectra of both devices.
The EL intensity of the MgZnO-coated LED was much higher than that of the uncoated one, which was
attributed to the enhancement of the radiative recombination of the ZnO nanorods caused by the
effective passivation of dangling bonds on the nanorod surface and the carrier confinement effect
offered by the MgZnO coating. The stability of both devices exposed to ambient air for over a
year at the same injection current of 5 mA was investigated at regular intervals; the results are
displayed in Figure 12c. The ZnO near-band-edge UV emissions of both devices gradually decayed
over time, but the decay rate of the uncoated device was faster than that of the MgZnO-coated LED.
Therefore, the MgZnO-coated device exhibited higher stability than that of the uncoated one because
surface adsorption on the nanorods was suppressed by the MgZnO coating. SiO2 [96] and MgO [97]
can also be used as passivation materials to improve the performance of 1D ZnO nanostructure LEDs.

Figure 12. (a) Schematic illustration of an MgZnO-coated ZnO nanorod/p-GaN film LED; (b) EL
spectra and Gaussian deconvolution analysis of the LEDs with and without an MgZnO coating under
an injection current of 3.5 mA at room temperature; (c) EL spectra of LEDs with (right) and without
(left) an MgZnO coating after exposure to air for different periods at an injection current of 5 mA [95].
Reproduced with permission.

Another effective approach to improve the luminous efficiency of LEDs is to introduce LSPs
into the LED structure. Semiconductor excitons/photons can be resonantly coupled with the metal
LSPs and then scattered/re-emitted into free space as radiation. This approach provides additional
recombination/extraction pathways, which can increase the spontaneous radiation rate, internal
quantum efficiency, and light extraction efficiency of the LEDs. Liu and coworkers fabricated ZnO
nanorod array/p-GaN film heterostructure LEDs embedded in an Ag nanoparticle/polymethyl
methacrylate (PMMA) composite [98]. A typical cross-sectional SEM image and schematic illustration
of such an LED are shown in Figure 13a,b, respectively. The UV emission from ZnO excitons
was enhanced more than 13-fold in EL spectra (Figure 13c). Lu et al. [99] constructed an Al
nanoparticle-decorated n-ZnO nanorod/p-GaN film LED. They obtained 30-fold EL enhancement
compared with that of the device without Al nanoparticles because of the effect of Al LSPs.
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Figure 13. (a) Cross-sectional SEM image and (b) schematic illustration of a ZnO nanorod
array/p-GaN film heterostructure LED embedded in a Ag nanoparticle/polymethyl methacrylate
(PMMA) composite; (c) EL spectra of LEDs with different Ag nanoparticle concentrations in PMMA
at an injection current of 5 mA at room temperature. C0 = 6.5 × 1015 cm−3 [98]. Reproduced
with permission.

To further improve the performance of LEDs, the two methods mentioned above can be combined.
Zhang et al. [100] fabricated LSP-enhanced waveguide-type UV LEDs via sputtering Ag nanoparticles
onto ZnO/MgZnO core/shell nanorod array/p-GaN film heterostructures. After decoration with
Ag nanoparticles, the UV emission intensity of the ZnO/MgZnO core/shell nanorod array showed a
~9-fold enhancement compared with that of the device without Ag nanoparticles because of coupling
with LSPs. The next year, the same group constructed LSP-enhanced UV LEDs by spin-coating Ag
nanoparticles on ZnO/SiO2 core/shell nanorod array/p-GaN heterostructures; a schematic diagram
of this LED structure is illustrated in Figure 14a [96]. The EL intensity was enhanced when both Ag
nanoparticles and a SiO2 spacer layer were coated on the surface of the ZnO nanorods, as shown in
Figure 14b. The effect of the SiO2 spacer-layer thickness on the UV emission intensity was investigated.
A maximum EL enhancement of ~7-fold was obtained when the thickness of the SiO2 spacer layer
was 12 nm. In contrast, a maximum PL enhancement of ~3.5-fold was achieved when the SiO2

spacer layer was 16 nm thick. The EL enhancement was attributed to the combined effects of
internal quantum efficiency improvement caused by exciton–LSP coupling and extraction efficiency
enhancement induced by photon–LSP coupling.

Figure 14. (a) Schematic diagram of a localized surface plasmon (LSP)-enhanced ZnO/SiO2 core/shell
nanorod array LED; (b) room-temperature EL spectra of bare and Ag-decorated ZnO core/shell
nanorod arrays with different SiO2 shell thicknesses under an injection current of 5 mA [96].
Reproduced with permission.

132



Crystals 2018, 8, 223

A near-UV LED based on a ZnO nanorod/MEH-PPV heterostructure using a ZnS layer as a
buffer layer was reported by Wang and colleagues [101]. The intensity of near-UV EL was enhanced
10-fold compared with that of that of the device without a ZnS layer. In particular, the turn-on
voltage was obviously decreased. In addition, the ZnS layer could induce recombination center
of carriers, which regulated the EL wavelength of the heterojunction. Wei et al. [102] fabricated
ZnO nanowire/p-GaN heterojunction LEDs containing ZnS particles to sensitize the ZnO nanowires.
Localized states formed at the ZnO/ZnS interface, generating a built-in electric field, which captured
electrons and holes at the ZnO/ZnS interface, where they recombined to result in EL emission
from ZnO. Moreover, the piezo-phototronic effect can improve the efficiency of flexible ZnO
nanowire/p-polymer hybridized LEDs [103,104]. Wang et al. [104] fabricated a hybrid LED based on a
ZnO nanowire/p-polymer heterostructure. The external quantum efficiency of the hybrid LED at least
doubled upon applying strain, reaching 5.92%.

4.2. Photodetectors

UV photodetectors are important photoelectric devices that occupy an indispensable position
in today’s information society. UV photodetectors are widely used in the military (e.g., UV
control and guidance, UV alarms, and UV resistance), as well as in civil fields such as fire alarms,
UV communication, ozone hole detection, and water purification. Therefore, the further development
of UV detection technology has important implications in modern national defense and daily life.
The importance and universality of UV photodetectors in military and civilian fields also make them a
focus of current research.

ZnO has a wide direct band gap at room temperature of about 3.37 eV, along with high chemical
and thermal stability, strong ability to resist radiation damage, and low content of electron-induced
defects. Because of these favorable features, ZnO is widely used in UV detectors. Early ZnO
UV detectors were mainly based on membrane structures [105]. However, with the development
of low-dimensional materials, photodetectors based on 1D nanomaterials have attracted interest.
Compared with UV detectors based on thin films and bulk materials, those based on 1D ZnO
nanostructures display higher responsivity and internal photoconductive gain. This is because 1D
nanomaterials have a large surface-to-volume ratio and the presence of deep-level surface trap states
can prolong the lifetime of photogenerated electrons and holes. In addition, the low dimensionality of
the active area can shorten the transit time of carriers [4,106]. There are several types of photodetector
structures, such as photoconductive, metal–semiconductor–metal (MSM), Schottky [107], and p–n
junction [108–110] photodetectors.

In 2002, Yang and coworkers first detected the UV response of an individual ZnO nanowire [111].
The conductance of a single ZnO nanowire was very sensitive to UV light. The resistivity of a ZnO
nanowire reversibly changed by 4–6 orders of magnitude under UV illumination. In 2007, Soci et al. [4]
reported a UV photodetector based on a single ZnO nanowire with an internal photoconductive gain
as high as ~108. While the photoconductive detector showed slow response times because of possible
persistent photoconductivity effects, it usually worked with an external power source.

To realize ZnO-based UV photodetectors with high sensitivity and fast response time, a Schottky
contact instead of an ohmic contact was adopted [107,112–115]. For example, Zhou and coworkers
fabricated a Schottky junction-type photodetector that used ZnO nanowire and Pt metal electrode to
form Schottky contact [98]. The UV sensitivity of the photodetector was enhanced by ~104, and its
recovery time was markedly shortened from ~417 to ~0.8 s, as shown in Figure 15.
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Figure 15. (a) The current of a ZnO nanowire UV detector as a function of the wavelength of
incident light. Insets are an optical microscope image (upper) and schematic structure (lower) of
the Schottky-type ZnO nanowire device; (b) current–voltage characteristics of the photodetector in
the dark and under 365 nm UV illumination; (c) time dependence of the device photocurrent under
on/off switching of 365 nm UV illumination (the applied bias was 1 V); (d) experimental data points
and fitting curve of the photocurrent decay [113]. Reproduced with permission.

Nie and coworkers [115] reported a Schottky junction UV photodetector based on transparent
monolayer graphene (MLG)/ZnO nanorods. The photodetector showed a ratio of photocurrent to
dark current of approximately 3 orders of magnitude under 365 nm UV illumination at a bias of −1 V.
The responsivity and photoconductive gain of the detector were 113 A W−1 and 385, respectively
(Figure 16). The response speed of the UV photodetector was rather fast, with rise and fall times of
0.7 and 3.6 ms, respectively, which was attributed to the formation of a Schottky barrier, high crystal
quality of the ZnO nanorod array, and strong light-trapping effect of the structure.

Figure 16. (a) Current–voltage characteristics of the monolayer graphene (MLG)/ZnO nanorod UV
photodetector in the dark and under 365 nm UV illumination with an incident intensity of 100 μW
cm−2. Inset is a cross-sectional SEM image of the PMMA-supported MLG film/ZnO nanorod Schottky
photodetector; (b) response times of the MLG/ZnO nanorod UV photodetector. The applied bias was
−1 V [115]. Reproduced with permission.
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Several kinds of 1D ZnO nanostructure-based p–n junction photodetectors have been
reported [108,110,116,117], which possess the advantages of low applied fields and no oxygen
dependency over Schottky junction detectors. In particular, p–n junction photodetectors work at
rather high bias voltage to inhibit the recombination of electron–hole pairs, which increases the
detection capability of UV signals [108,118]. Tahani et al. [108] developed a photodetector based on
p-Si/n-ZnO nanotube heterojunctions, which is shown in Figure 17. Under 365 nm UV illumination
with an incident power intensity of 1 mW cm−2 at a bias of −2 V, the responsivity and detectivity
of the detector were 21.51 A W−1 and 1.26 × 1012 cm Hz1/2 W−1, along with an external quantum
efficiency of 73.1 × 102% (effective area = ~0.79 mm2). The rise and fall times of the heterojunction
device were 0.44 and 0.599 s, respectively.

Figure 17. (a) Schematic diagram of the structure of a p-Si/n-ZnO nanotube UV photodetector;
(b) detector photoresponse under 365 nm UV illumination with an incident intensity of 1 mW cm−2

at a bias of ±2 V; (c) response times of the photodetector under 365 nm illumination (1 mW cm−2)
at a bias of −2 V; (d) device responsivity and detectivity as functions of applied bias under 365 nm
illumination (1 mW cm−2); (e) responsivity and detectivity as functions of light intensity under 365 nm
illumination at a bias of −2 V [108]. Reproduced with permission.

Recently, self-powered ZnO photodetectors have attracted research interest because they can
work in some poor conditions without an external power source. According to their interface
features, self-powered photodetectors have three types of structures: Schottky junction, p–n junction,
and photoelectrochemical. Compared with the other two types, ZnO-based p–n junction UV detectors
are more suitable for development as self-powered photodetectors because of their much lower
applied fields, faster response times, and high stability. Table 2 summarizes representative results
for reported 1D ZnO nanostructure-based self-powered UV photodetectors, accompanied with a
brief description of the corresponding device characteristics, detection wavelengths, power intensity,
and photodetector performance.

Table 2. Recently reported self-powered 1D ZnO nanostructure-based UV photodetectors.

Device Structure
Light of

Detection,
Power

UV–Visible
Rejection

Ratio

On/Off
Ratio

Responsivity
Rise/Decay

Time
Ref.

ZnO/Sb-doped ZnO
nanowire

365 nm,
0.3 mW cm−2 26.7 26.5 30 ms/30 ms [119]

n-ZnO
nanowire/P-GaN film 20 μs/219 μs [120]
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Table 2. Cont.

Device Structure
Light of

Detection,
Power

UV–Visible
Rejection

Ratio

On/Off
Ratio

Responsivity
Rise/Decay

Time
Ref.

n-ZnO
nanorods/i-MgO/p-GaN 350 nm R350 nm/R500

nm) = 34.5 8000 0.32 A/W [121]

ZnO nanorods/Si UV/Visible: 0.3 A
W−1/0.5 A W−1 [122]

ZnO Nanowire/CuSCN 370 nm,
100 mW/cm2

R370 nm/R500
nm) = 100 0.02 A/W [123]

ZnO Nanorod/CuSCN 380 nm 100 0.0075 A W−1 5 ns/6.7 us

PEDOT:PSS/ZnO
micro-/nanowire 1000 [124]

n-ZnO/p-NiO
core–shell nanowire 0.493 mA W−1 1.38 ms/10.0 ms

and 30.3 ms [125]

p-NiO/n-ZnO
nanorod array 355 nm 0.44 mA W−1 0.23 s/0.21 s [126]

p-NiO/n-ZnO nanowire 380 nm,
0.36 mW/cm2 1.4 mA/W [127]

CH3NH3PbI3
perovskite/ZnO nanorod 3.9 A W−1 300 nm 0.3 s/0.7 s [128]

ZnO/Cu2O nanowire [129]

Various approaches have been adopted to improve the photoresponse performance of 1D ZnO
nanostructure photodetectors for use in practical applications. Generally, surface and interface
carrier transport modulation are the main routes used to raise photoresponsivity [130]. For instance,
Lao et al. [131] manipulated and functionalized the polymer polystyrene sulfate (PSS) on the surface
of ZnO nanobelts using a layer-by-layer self-assembly method. The sensitivity of the PSS-coated ZnO
nanobelt-based detector was improved by close to 5 orders of magnitude compared with that of the
device lacking PSS, which was ascribed to the energy levels introduced by PSS serving as a “hopping”
state or bridge for electron transfer, effectively increasing the excitation probability of an electron to
the conduction band.

In addition, functional devices consisting of a noble metal (e.g., Au [132,133] and Ag [134–137])
coated on semiconductor nanostructures have inspired extensive research effort. Such devices can
realize superior optoelectronic properties to those without a metal coating because their LSPR effect
leads to strong scattering and absorption of incident light, efficient separation of photogenerated
electron–hole pairs, and rapid transport of charge carriers at the metal/semiconductor interface.
Liu and coworkers fabricated ZnO nanowire photodetectors coated with Au nanoparticles [132].
The ratio of photocurrent to dark current of the ZnO photodetector with Au nanoparticles reached
up to 5 × 106, which was much larger than that of the device without Au nanoparticles (around
103). Moreover, the decay time of the device decreased from ~300 s to ~10 s after coating with
Au nanoparticles.

Al is an abundant and inexpensive metal that is a better plasmonic material than Au and Ag
in the UV range because of the negative real part and relatively low imaginary part of its dielectric
function [138]. Lu et al. [139] used LSP resonance mediated by Al nanoparticles to optimize the UV
response of a ZnO nanorod array photodetector. The responsivity of the photodetector was improved
from 0.12 to 1.59 A W−1 after modification with Al nanoparticles and the ratio of photocurrent to
dark current was enhanced 6-fold compared with that of the bare one, as displayed in Figure 18.
Furthermore, the rise and decay times of the photodetector decreased from 0.8 and 0.85 s, respectively,
to less than 0.03 and 0.035 s, respectively, after Al nanoparticle decoration.
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Figure 18. (a) Photoresponsivity spectra of ZnO nanorod photodetectors without and with Al
nanoparticles. Inset is a schematic of the device structure; (b) time response of the devices with
and without Al nanoparticles under 325 nm illumination at a bias of 5.0 V [139]. Reproduced
with permission.

The transition metal Co is an effective candidate material for the surface modification of
photodetectors. Buddha and coworkers fabricated a UV photodetector based on a Co-coated ZnO
(Co–ZnO) nanorod array [140]; a schematic of the device is displayed in Figure 19a. The presence
of defect states in the Co–ZnO nanorod detector raised the photocurrent compared with that of the
device with bare ZnO nanorods. The Co–ZnO nanorod photodetector was sensitive to an external
magnetic field; its response current increased by about 186% under an applied magnetic field of
2400 G compared with that without an applied magnetic field at the same bias voltage (Figure 19b).
Furthermore, the response and recovery times of the photodetector decreased from 38 and 195 s,
respectively, to less than 1.2 and 7.4 s, respectively, upon Co decoration, as shown in Figure 19c,d.

Figure 19. (a) Photoresponse spectra of photodetectors based on bare and Co-coated ZnO nanorods.
The inset shows a schematic of the device; (b) cyclic response of the Co-coated ZnO nanorod
photodetector with and without an external magnetic field at an applied bias of 5 V. The recovery times
of (c) Co-coated and (d) bare ZnO nanorod photodetectors [140]. Reproduced with permission.
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Recently, many researchers have attempted to improve the performance of photodetectors
based on ZnO 1D nanostructures through the piezo-phototronic effect [141–146] and obtained
some noticeable achievements. ZnO with a non-centrosymmetric crystal structure possesses high
polarization. Therefore, the generation, transport, separation, and recombination process of carriers can
be controlled by the piezopotential caused by the strain in this piezoelectric semiconductor material.
It is worth noting that the coupled piezoelectric polarization, optoelectronic, and semiconducting
properties of 1D ZnO nanomaterials offer an opportunity to construct functional devices with
improved optoelectronic performance. Wang et al. [146] demonstrated that the responsivity of
an MSM ZnO micro-/nanowire photodetector was enhanced through the piezoelectric effect.
Zhang et al. [143] fabricated a self-powered photodetector based on a metal–insulator–semiconductor
(MIS) Pt/Al2O3/ZnO structure; a schematic diagram of the device is shown in Figure 20a. The Schottky
barrier height (SBH) was markedly enhanced to 0.739 eV by introducing the ultrathin dielectric
layer (Al2O3) at the interface. The SBH could be actively adjusted by the modulation of the
piezopolarization-induced built-in electric field under compressive strain, as shown in Figure 20b.
The responsivity and detectivity of the photodetector increased from 0.644 μA W−1 and 2.92 × 106 cm
Hz0.5 W−1, respectively, without compressive strain to 0.644 μA W−1 and 2.92 × 106 cm Hz0.5 W−1,
respectively, under compressive strain of −1.0%.

Figure 20. (a) Schematic diagram of the Pt/Al2O3/ZnO nanorod metal–insulator–semiconductor (MIS)
photodetector; (b) typical cross-sectional SEM image of the ZnO nanorod array; (c) calculated Schottky
barrier height (SBH) change under compressive strain at different biases of 0.5, 0.8, and 1 V; (d) device
photoresponses under 100 mW cm−2 illumination and different compressive strains [143]. Reproduced
with permission.

5. Conclusions

In conclusion, low-dimensional ZnO nanomaterials could be suitable for use in advanced
optoelectronic devices, such as LEDs and photodetectors, because of their favorable properties.
This review focused on the fabrication methods and growth parameters that influence the properties
of the obtained 1D ZnO nanostructures. The fabricated nanomaterials could be used to construct
novel devices with improved performance for certain applications. The properties, preparation,
and device applications of 1D ZnO nanostructures were reviewed in detail. Importantly, several
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promising approaches to improve device performance, including surface passivation, LSPs,
and piezo-phototronic effects, were discussed.

Considering the wide application potential of 1D ZnO nanomaterials and their excellent
performance in devices, they can satisfy the requirements of “smaller, faster, colder” for electronics,
which is expected to be extended to practical applications in the near future. The applications of 1D
ZnO nanomaterials have expanded greatly in recent years, and the performance of various devices has
been continuously improved. Novel high-performance devices based on 1D ZnO nanomaterials will
certainly be an important research focus of the nanotechnology industry in the 21st century. With the
improvement of preparation technology, deepening of research, constant improvement of device
performance, and progress of nanotechnology industrialization, 1D ZnO nanomaterials will play an
increasingly important role in the fields of energy, environmental protection, information science
technology, biomedicine, security, and national defense.

The fundamental properties and applications of 1D ZnO nanomaterials have been explored
extensively to optimize their advantages, providing a route to meet practical requirements in
nanoscience and nanotechnology. Because 1D ZnO nanomaterials possess a large binding exciton
energy, wide band gap, high carrier mobility, and non-centrosymmetric structure, they can be used to
couple different properties such as semiconductivity, piezoelectricity, and photoexcitation together
to develop next-generation devices with attractive properties such as intelligent features and high
efficiency. At present, much attention has been paid to LEDs and photodetectors based on 1D
ZnO nanomaterials, and more and more interdisciplinary research has been conducted, such as
biochemical applications of 1D ZnO nanomaterials. It is anticipated that the carrier transport in 1D
ZnO nanomaterials can be well tuned to maximize conversion efficiency. Through the combination
of semiconducting properties and piezo-phototronic and size effects, the energy band structure of
devices could be tuned to modulate charge carrier transport behavior, and device performance
could be improved by controlling the SBH. Therefore, coupled effects can be readily applied to
1D ZnO nanomaterial-based devices to improve performance. We anticipate that research on
1D ZnO nanomaterial-based optoelectronic devices, such as LEDs and photodetectors, will yield
further progress.

6. Perspective

There has been extensive and fundamental research performed on 1D ZnO nanomaterials
and devices, resulting in methods to construct intelligent, smart, functional units with advanced
performances for potential applications. One-dimensional ZnO nanomaterials generally have
non-central symmetry crystal structure, high crystal quality, large aspect ratio, high carrier mobility,
wide band gap, and other characteristics that can be applied for coupling with properties such as
photoexcitation, piezoelectricity, and semiconductivity for designing next-generation, newly emerging
devices. At present, many types of 1D ZnO nanodevices have emerged with promising applications, for
example, energy harvesting, piezo-phototronic light emitting, photodetecting, nano-biosensing, and so
on, based on 1D ZnO nanomaterials. When considering the design factors for building several kinds of
nanodevices based on 1D ZnO nanomaterial, charge carrier generation, transport, and recombination
dynamics are generally considered by studying band gap structure, non-central symmetry induced
piezotronic effects, surface or interface contact properties, and so on. Thus, conversion efficiency
could be key in the overall consideration for building advanced optoelectric devices with improved
performance. Until now, it was anticipated that the charge carrier transport behaviors of the
1D ZnO nanomaterials could be well modulated for building devices based on piezotronic and
piezo-phototronic effects. Self-powered 1D ZnO nanodevices could be constructed with outperforming
properties based on the above effects, thus, next-generation, intelligent products with smart volume
could be built by applying the mentioned ideas. By optimally combining their properties based on 1D
ZnO nanomaterials, the performance of these devices, such as nanogenerators, LEDs, photodetectors,
nanosensors, and memory devices, can be improved by modulating charge carrier transport behavior,
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interface barrier structures, piezotronic effect, and so on. It is believed that the coupled effects can be
well applied for modulating carrier transport behaviors in 1D ZnO nanodevices for improving their
performance. Further, newly emerging 1D ZnO nanodevices could be constructed for promising
applications by studying its known effects and other properties through doping and surface
modification. Finally, we anticipate that research work on 1D ZnO nanodevices—such as LEDs,
photodetectors, solar cells, nanosensors, nanogenerators, and others—will yield continuous progress,
and novel optoelectric, light emitting, electric nanodevices could be created through further efforts.
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