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ABSTRACT

In this thesis, Ga/F co-doped ZnQ (GFZO) nanestructures were synthesized by
hydrothermal technique: The ZnO seeding layers for ZnO nanostructure growth were
firstly deposited on borosilicate substrates by dip-coating methad. The nanostructures
were synthesized under various~ growth conditions. The effects of crucial growth
parameters including seeding layer thickness by -mean of number of coating layer,
seeding layer annealing ternperature and UV-Ozone baking treatment process of seeding
layer on relevant physical, optical and marphological properties of the obtained GFZO
nanostructures ‘were extensively —investigated.  The microstructures and surface
morphology of the synthesized GFZO nanostructures were observed by X-ray diffraction
(XRD), Field emission scanning electren microscope (FE-SEM).and Transmission electron
microscopy (TEM). Corresponding XRD and SEM results suggest that growth conditions of
Zn0O seeding layers are important.parameters that affect the shape, density, alignment,
crystallinity and orientation of GFZO nanostructures. The different morphologies and
exceptional shapes of GFZO nanostructures could be controlled and obtained by
controlling seeding layer condition. In addition, the results indicated that the shape,
density, size, crystallinity and optical properties of the synthesized structures were
strongly dependent on types and concentration of dopants. The effects of Ga and F
doping concentration on grain size of the nanorod structure can be clearly observed.
Increasing Ga doping concentration can induce the reduction in rod size. The F dopant

strongly affects the size, length, and orientation of ZnO nanorods while the nanorod size



shows significant decrease with increasing F doping concentration. Moreover,
nanodisk/nanorod morphology could be obtained in the samples doped with 1%Ga
doped ZnO. The role of Ga and F substituting into ZnO structures were investigated by
photoluminescence (PL) spectroscopy. The PL spectra of GFZO nanorods showed strong
UV emission band and yellow-orange emission band. The luminescence could be
described the increase in the oxygen vacancy (Vo) emission or the decrease of the Zinc
vacancy (Vzn) induced by either Ga or F dopants. Ga dopants would substitute Zn atoms

while F dopants prefer to substitute O atoms in the as-grown GFZO.
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CHAPTER 1

INTRODUCTION

1.1. Introduction

It has been known that nanotechnology recently requires specific synthesis to
obtain designated shape, size and morphology of synthesized nanomaterials for their
suitable applications. Surfactants have been employed as directing agents for effective
shape control in various nanomaterial synthesis processes due to the correlation of the
surface adsorption of surfaces active species on different. crystal planes which can
effectively control their structures-and shapes. Varioustypes of surfactant agents have
been effectively utilized-for synthesis of nanomaterials with-desired shapes [1]. Recently,
zinc oxide-based nanostructures have achieved considerable attention recarding to their
unique and exceptional characteristic properties that lead them to practical applications
including transparent conducting oxide (TCO) in optoelectronic devices.'ZnO-based thin
films have many advantages such as rather economical material cost; less toxicity, and
good chemical stability when compating to conventional tin-doped indium oxide (ITO).
Zn0 is normally-an n-type semi-conductoring compound with-rather wide band gap of
3.2-3.4 eV at room temperature together with a large exciton binding.energy of about 60
meV [2]. It has been reported in-several literatures that electrical. and optical properties
of ZnO can be further heightened by-proper. doping with. either metal or non-metal
elements. Much more interest has been focused on ZnQ-based TCOs including undoped
Zn0O nanowire [3], Al-doped ZnO (AZQ)-nanestructures [4] F-doped ZnO (FZO) thin films
[5], and Ga-doped ZnO (GZO) nancrods [6].-When metallic group Il dopants are
incorporated into ZnO, they would preferably replace the Zn host atoms and could
provide extra free electrons to the host resulting an enhancement in conductivity and
greater carrier mobility. When comparing the ionic and covalent radius of Ga to those of
Zn, Ga is an appropriate dopant that can replace at Zn site due to the close values [7].
The similar ionic radius would result in lower lattice distortion, when doping, compared
with other group Ill metals. Moreover, fluorine with the ionic radius of 0.117 nm that is

close to that value of oxygen (0.122 nm) may be determined as a suitable anion doping



candidate at oxygen site in ZnO matrix. Although, several methods have been employed
to prepare ZnO nanostructures, hydrothermal growth technique is still one of
dominating processes due to its considerable advantages including low temperature
processing, low cost, ease of apparatus set-up, and environmental friendliness. With
exceptional shapes and structures obtained by specific hydrothermal growth conditions,
one-dimensional ZnO nanostructures in form of nanorod or nanowire structures can be
utilized in wide variety of applications, including ultraviolet light-emitting devices [8],
chemical sensors [9], solar cells [10], water splitting [11], and ultraviolet detector devices
[12]. During growth, both kinetic energy transfer from the incident ions to the host atoms
at the surface and the physical momentum affect the.density distribution of the
nanorods at specific position on the substrate in the hydrothermal chamber. Therefore,
at different incident angles, the morphology, shape; aspect ratio and crientation planes
of as-synthesized nanorods could be highly involved by the atoms impinging onto the

substrate.

In this thesis, we have experimentally examined the influence of crucial process
parameters inctuding ZnO seeding layer thickness, annealing temperature and UV-Ozone
treatment, angle-dependent substrate placement for hydrothermal growth on structural,
optical properties and morphologies of Ga/F co-daped ZnO .nanostructures. All
conditions were found to be the significant factors that can'modify or alter the shape,
density, length, alignment, crystallinity and preferential-crientation, of the Ga/F co-doped

Zn0O nanostructures during hydrothermal-process.



1.2. Objectives of this work
1. To study the process for synthesizing ZnO seeding layer by dip coating.
2. To study the process for synthesizing Ga/F co-doped ZnO nanostructures by
hydrothermal process.
3. To study the effect of seeding layers prepared at various deposition conditions on
structural properties and morphologies of Ga/F co-doped ZnO nanostructures grown
by hydrothermal process.
4. To study the effect of Ga and.F-doping species on relevant physical properties of
Zn0O-based nanostructures by hydrothermal process.
1.3. Scope of this work
1. To study on the theory of ZnO structures.
2. To study on the theory of dopant for ZnO-based nanostructures.
3. To synthesize-ZnO seeding layer by dip coating with various deposition conditions.
4. To synthesize Ga/F co-doped ZnO nanostructures by conventional hydrothermal
process with various Ga and F doping concentrations.
5. To study the effect of seeding layers onstructural; morphological and optical
properties of Ga/F co-doped ZnO nanostructures prepared by hydrothermal process.
6. To study the effect of dopants including Ga and F.on structural, morphological and
optical properties of ZnO-based nanaostructures prepared by hydrothermal process.
1.4. Expected results of this work
1.Understand the important theories-of ZnO structures, dopantand their
functionalities.
2. Obtain the optimized preparation conditions of ZnO seeding layer for the growth
of Ga/F co-doped ZnO nanostructures.
3. Understand the effect of annealing temperature and seed layer thickness on
structural, morphological and optical properties of ZnO seeding layer.
4. Understand the effect of seeding layers on structural, optical and morphological
properties of Ga/F co-doped ZnO nanostructures synthesized by hydrothermal

process.



5. Understand the effect of Ga and F dopants on structural, optical and

morphological properties of hydrothermally grown ZnO-based nanostructures.

This material is reserved for educational use only, not allowed for commercial use.
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CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1. Background

Zinc oxide (ZnO) is an n-type semiconductor compound with a wide band gap
(Eg~3.2-3.4 eV) at 300 K and a large exciton binding energy (60 meV). ZnO
nanostructures have been extensively studied as optoelectronic materials due to the
combination of their electrical and optical properties. The applications of ZnO-based
materials for transparent-and flexible devices such-as ultraviolet light-emitting devices,
chemical sensors, solar cells, and ultraviolet detector devices' have been widely
developed. However, the electrical conductivity,of ZnO-materials are rather low. Many
studies have reported methodologies to increase their conductivity [13]. Doping small
amount of some elements into ZnQ is an interesting method.

Gallium (Ga) and Fluorine (F) are the good candidates as the dopants to improve
Zn0O properties. Gallium has atomic number of 31 and mostlyin +3 oxidation state.
Gallium is usually used .in_electronic applications. [t has . electronic. configuration as
1s°25°2p°3s?3p®as?3d!%ap". Fluorine  has  atomic number of 9 'with  the highest
electronegativity. When comparing the ionic radius of gallium and.fluorine to zinc (Zn)
and Oxygen (O) (table 2.1), it is found that the ionic radius of Ga‘and F are similar to Zn
and O, respectively. In addition to.the similarities-in_the ionic radius, the higher charge of
Ga® than Zn*" make gallium the preferably dopants. to replace 'the Zn host atoms that
could offer extra free electrons to the system, resulting in enhancement in electrical
conductivity and carrier mobility. The higher electronegativity of F than O affects the
distribution of electrons in the system. It is implied that F may be a suitable anion
doping candidate at O site, while Ga may be a suitable cation doping candidate at Zn
site in ZnO matrix [14].

ZnO nanostructures normally have been used in nanoelectronic and
optoelectronic devices. Various techniques have been employed and developed for
synthesizing 1D nanostructures such as thermal chemical vapor deposition, metal-

organic chemical vapor deposition (MOCVD), electrodeposition, and hydrothermal



method. The hydrothermal method has become one of promising routes for
synthesizing nanomaterials because of its simplicity, ease of equipped system, fastness,
economical and using low temperature.

Table 2.1 Electronic configuration of Zn, Ga, O, and F

Element Electronic configuration lonic radius (nm)
Zn [Ar] 45%3d™ 7.400
Ga [Ar] 45*3d'%p! 6.200
o) [Hel 25°2p* 0.122
F [He] 25°2p° e

2.2. Synthesis of nanomaterials

The preparation of nanomaterials can be separated into two techniques; top down
and bottom up-processes. The first technigue 'is slicing of bulk material to obtain nano
sized particles. Second, the bottom. up technique is the process to form nano sized
materials from atoms such as sol-gel process, chemical vapor depasition (CVD),
hydrothermal process, and laser pyrolysis, The scheme of the synthesis of nanomaterials

is shown in figure 2.1.

TOP DOWN
-
\ ? . Nano size
-if-
Bottom up

Qe

Figure 2.1 Schematic of the preparation of nanomaterials.



2.3. Hydrothermal process

The definition of hydrothermal is 'hydro' which means water and ' thermos '
which means heat (from the Greek). The hydrothermal process gives high product purity
and homogeneity of nanomaterials (metastable compounds with extraordinary
properties, symmetry of crystal, and narrow particle size distributions). Hydrothermal
processing is heterogeneous response within fluid solvents under high pressure and low
temperature conditions. This technique is important for preparation of nanomaterials for
many applications such as optoelectronics, electronics, ceramics and catalysis as shown
in figure 2.2. Clearly, it is technique of materials with a high coveted application

potential.

Nano

Technelogy

Addvanced Materjals Uydrothermal
Bio technology

technology e Fechusiogy

< A

Geo

technology

Figure 2.2 Hydrothermal technology



2.4. Characterization techniques

2.4.1. X-Ray Diffractometer (XRD)

The periodic structures are observed through the diffraction with
electromagnetic radiation encroaching on geometrical minor departure and the radiation
wavelength. The increasing of distances about 0.15- 0.4 nm from the interaction in
crystals results in an increasing of x-ray photon energies up to 3 and 8 keV, comparing in
the electromagnetic spectrum. The results might be checked with an alternate
translation of the hkl integer triple. The periodicity and high level of order in a crystal of
crystallographic lattice planes.are involved by the-atoms in crystal. The integer triple hkl
indicates the crossing” point of the  lattice 'planes with. the unit cell edges. The
crystallographic planes of atoms are shown by the Miller lists hkl.. Fer example, figure 2.3
shows the lattice planes of the basic cubic lattice with Miller indices (110) and (111). The
distance between two_planes. can be calculated by. interplanar spacing diu with the
Miller indices of the fitting lattice planes: The other of lattices.are found the interplanar

spacing depending upon the Miller.indices and the unit cell parameter a as follows

a
At = G -
For
a ¥y

————A\ig = 4 (2.2)

vhe+k<+1
So
2dysinfg = A (2.3)

Figure 2.4 shows the geometry of the Bragg equation (Eg. 2.3) and the
Laue conditions. They show the connection between the scattering vector for a x- ray
reflection and the lattice vectors. The well-known Bragg's equation is regularly is in the

form of 2dsin8y; = 4.



= 2d cos(90° = 0) = 2dsinf

Figure 2.4 The scattered intensity and Bragg equation.
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2.4.2. Field Emission Scanning Electron Microscopy (FE-SEM)

The difference between the the Scanning Electron Microscope (SEM) and
the Field Emission Scanning Electron Microscope (FE-SEM) is the emitter type. Tungsten
(W) or Lanthanum hexaboride (LaBé) is a filament for electrical current of Thermionic
Emitters in Scanning Electron Microscope. The FE-SEM was frequently used for
nanotechnology applications. The Field Emission Scanning Electron Microscope images
use high-energy beam of electrons for sample surface. The electrons and atoms in the
sample deliver signals that contain information on the surface with different properties.
The electron gun provides a stable-current and-a-small _beam. FE-SEM is a method for
creating electrons that-maintains a strategic distance from these problems. The electric
field can be concentrated.-to an unusual level due to the small tip radius (~ 100 nm),
resulting in the brought down of work function of the material. Then, electrons can
leave from the cathode. The voltage between cathode and anode is an extent of 0.5 to
30 kV and wusing vacuum system 'in-the segment of the micrescope. The high qualities
image will be enhanced such-as determination js. on the request of ~2.nm at 1 keV and
~1 nm at 15 keV by FE-SEM. The specification of FE-SEM resolution was shown in table
2.2.  Moreaver, the Energy Dispersive ' X-beam  Spectroscopy-(EDX or EDS) is used to
determine the elemental composition of materials. EDX is connected to the SEM to take
into elemental information to be accumutated about the example under investigated.
EDX works by identifying X-rays that are created by an example put in an electron pillar.
As the electron beam can be definitely. controlled, EDX spectra can'be gathered from a
particular point/molecule on the example, giving an investigation of a couple of cubic
microns of material. On the.other hand, the bar can clear finished a chose territory of
the example to distinguish the components in that district. Also, line profiles and X-ray

maps can be gained which portray the natural conveyance over the example.



Table 2.2 Specification of FE-SEM resolution.

il

Electron source Cross over Final spot Demagnification
diameter diameter

Therminonic 10-50 Wm 1nm - 1m 10,000-50,000

Field Emission 10 nm 1 nm 10

Source
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2.4.3. Basic Mechanisms of Photoluminescence

Luminescence is absorption phenomena of energy and subsequent
emission of light. The fluorescence and phosphorescence are important in luminescent
technique. The fluorescence is “fast” (in ns), while the phosphorescence is “slow”. The
analyzing spectrometer scanner observes spectrum of the fluorescent emission. The
broad band of sun light is from 320-2,500 nm. It can divide color spectra by wavelength
of light as follows: visible spectrum (violet (400-450 nm), blue (450-500 nm), green
(500-570 nm), yellow and orange (570-610 nm) and red (610 - 750 nm)), short-
wavelength (near-ultraviolet 320-400 nm)-and. long-wavelength (near-infrared 750-2,500
nm). Photoluminescence process in ZnO structures are. pessibly proceeded via the
following mechanisms as shown in figure 2.5, First, the ZnO nanostructures are excited
by intense light at approximately 375 nm or < 375 nm. UV light create a non-thermal
distribution of ‘electrons and holes in ZnQ structures. These electrons and holes are
created due to-the electron transfer to the conduction lband (from the valence band).
Then, the non-equilibrium electron distributions tend to relax back to the ground state
or valence band. Non-radiative processes will rapidly move the carriers to a similarly
equilibrium explained by the similarity of fermi levels. After that, the electron and hole
recombine under emission of UV light which is the: luminesecence process. Figure 2.6

shows the schematic of photoluminescence process.

Conduction band light Conduction band light Conduction band

‘\ . . .\ . luminescence
! t .
.
.

eeeee Lo I .00

Valence band Valence band Valence band

Figure 2.5 Photoluminescence process of ZnO structures.
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Figure 2.6 Schematic electronic level of ZnQ structures [62].
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2.5. Literature Reviews

In 2013, Thirunavukkarasu and Jothiramlingam [6] synthesized Ga-ZnO
nanodisk/nanorods by hydrothermal process. They found that the growth of Ga-ZnO
nanodisk/nanorods on AN substrate were success when adding polymer assisted into Ga
doped ZnO solution as shown in Figure 2.7. Moreover, they reported that 1% Ga doped
ZnQ thin films, 1% Ga doped ZnO nanorods and 1% Ga doped ZnO nanodisk/nanorods
have a good sensing activity on UV light (Figure 2.8).

T GOV OO0 M WO e

Figure 2.7 FE-SEM images of (a) 1% Ga-ZnO(0.2) nanodisk/rods, (b) 1% Ga-ZnO (0.2) at
3% polymer, (c) surface view of 1%Ga-ZnO (0.2) nanodisk/rods (0.2), and (d) cross

sectional view of 1% Ga-ZnO (0.2) at 3% polymer concentration [6].
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Figure 2.8 Efficiency of UV light sensor of (Black line) 1% Ga-ZnO (0.5) nanodisks, (Red
line) 1% Ga-ZnO (0.2) nanodisk/rods and (Blue line) 1% Ga-ZnQ film [6].
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Moholkar et. al. [13] reported the effect of fluorine doping on highly transparent
conductive tin oxide thin films. They found that the decreasing of sheet resistance about
from 67.1 L2 to 3.42 Q0 occurs when fluorine doping concentrations are increase. The
high intensity of XRD patterns at (200) plane of the FTO thin films deposited with
different fluorine doping concentrations were reported (as shown in figure 2.9 and figure

2.10).
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Figure 2.9 XRD patterns of FTO thin films growth with varies F cancentrations [13].
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Figure 2.10 The sheet resistance and merit of F concentration [13].
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In 2014, Pan et. al. [14] reported that the annealing temperature directly affects
the structures and properties of AFZO (Al and F co-doped ZnO) nanostructures. The
higher annealing temperature increases electrical resistivity, decreases in carrier
concentration and decreases Hall mobility with associated of the larger crystal and low
crystallinity of AFZO thin films. They found that AFZO thin films annealing temperature
at 500 °C exhibited the best crystal quality that preferred the growth direction in (002)
plane (highest intensity of the (002) peak (fisure 2.11). At this condition, AFZO showed
the better electrical resistivity at 1 x 10° € cm and the higher carrier concentration as

shown in figure 2.12.

Intensity (au.)
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Figure 2.11 XRD patterns-of ZnO and AFZO. thin films [14].
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Figure 2.12 The resistivity(p), carrier concentration (n) and mebility (L)-of AFZO thin

films [14].
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Shin et. al. [15] report the characteristics of gallium and aluminum co-doped ZnO
(GAZO) transparent thin films deposited by using the PLD process. The results as shown
in figure 2.13 indicated the strong preferred orientation along the c-axis of the ZnO
crystal (strong (002) and (004) peaks of X-ray patterns) Moreover, they reported that at
deposition temperature of 400 cC, X-ray patterns showed high-quality hexagonal ZnO
films because the full width half maximum (FWHM) value is about 0.20° (Figure 2.14 and
2.15).

(002)
— 500 ©

e 400 ©
— 300 ©
-—250 °
200 ©
w150 ©
—100 ©

02) " T

Intensity (arb. units)

20 30 40 50 60 70 80

2 Theta(deg.)
Figure 2.13 XRD patterns of the 1,5.at% Ga/Al doped ZnO(GAZO) thin films deposited
[15].
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Figure 2.14 The resistivity, carrier concentration, and mobility of the GAZO thin films.

The substrate temperatures of the samples were 400 °C[15].
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Figure 2.15 Optical transmittances of GAZO thin films [15].

20



21

In 2015, Pugalenthi et. al. [16] reported the effect of thickness on the properties
of RF magnetron sputtered GZO thin films (structural, optical and electrical properties).
The obtained XRD pattern indicates hexagonal wurtzite structure of the films and strong
peak along (002) orientation as shown in figure 2.16. The growth along (002) orientation
is generally influenced by the surface energy and the surface energy density of surface
structure. In addition, the decreasing in resistivity of GZO film with difference thickness

was mainly attributed to the better crystallization of the sample.
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Figure 2.16 XRD pattern of GZO thin films [16].
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Figure 2.17 The carrier concentration and resistivity of GZO thin films [16].
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Moreover, in 2016 Park et. al. [17] studied the effect of surface energy, annealing
temperature on both ZnO seed layer formation and ZnO nanowire growth. They found
that the UVO treatment and different Tanneating conditions affected the growth density and
aspect ratio of ZnO NWs on ZnO seed layer formation. The UVO treatment, moderately
distributed higher density growth of ZnO NWs. Furthermore, the higher aspect ratio was
observed in the case of different Tannealing conditions for growth of ZnO NWs as shown in

figure 2.18. Other research works are summarized in table 2.3.

Wlthout UVO treatment Wlth UVO treatment

Figure 2.18 FE-SEM images of hydrothermally grown ZnO NWs on different seed layers
prepared with different T annealing and UVO treatment conditions. The marked areas in

samples S5 and S7 show the agglomerated regions in ZnO NW growth [17].



Table 2.3 Preparations of ZnO nanomaterials

System

Method

Remark

Author(s)

Al doped ZnO hexagonal
nanoplastes on a zinc

substrate

Hydrothermal process

The.charge compensation of anionic AlO; at the
Zn ** surface of ZnQ affects the formation of
hexagonal nanoplates.

The blue shifts of PL spectra indicate the Al **

doping into ZnO nanoplates.

Jia Liu, Lingling
Xu, et. al.
(2011) [18]

Y-doped ZnO nanorods

Hydrothermal process

Yttrium-doped ZnO. nanorods can be used as
sensors for acetone, ammonia, benzene,
formaldehyde, toluene and methanol with high

selectivity.

Peng yu, Jing
Wang, et. al.
(2013) [19]

P-doped ZnO nanorods

Hydrothermal process

P-doped ZnO nanorods ‘can beused for LED

applications.

Sanjit Sarkar
and Durga
Basak (2014)
(20]

£



Cu-doped ZnO films

Radio frequency

reactive magnetron

sputtering

Cu-doped ZnO films were deposited on p-Si
substrates.

The blue-green emission had confirmed that the
Cu*and Cu ™ substitutions and interstitial into
ZnQ structures.

Cu-doped ZnO fitms show high UV

photosensitivity.

F.M. Li, CT.
Zhu, et. al.
(2013) [21]

Ga-doped ZnO nanosheets

structure

Aqueous solution

method.

Ga-doped ZnO nanosheets were fabricated on a
glass substrate.
Ga-doped ZnO nanosheets can be apply for UV
photodetector.

Sheng-Joue
Young and Yi-
Hsing Liu.
(2015) [22]

Fluorine doped ZnO thin films

Magnetron sputtering

Fluorine doped ZnO films were prepared on
corning ¢lass.
FZO films shows the relatively low level of the

carrier concentrations.

H.S. Yoon, K.S.
Lee, et. al.

(2008) [23]

Al and Ga co-doped ZnO
thin films

Sol-gel method

The single doped ZnO thin films (AZO and GZO)

show the-decrease of crystallinity, reduction of

particle size and increase of the band gap values.

The co-doped AGZO thin films show lower

electrical resistivity.

Reza
Ebrahimifard,
Mohammad
Reza, et. al.

(2014) [2]
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ZnO nanowire arrays Solvothermal method The self-seeded growth of ZnO nanowire on glass | R. Ghosh, M.
substrates were prepared by simple solvothermal Dutta and D.
method: Basak (2007)
The sample shows hexagonal shaped and (24]
trapezoidal shaped of ZnO nanowire.
A model was proposed to analyze the
photocurrent of ZnO nanowire in air and vacuum.
Zn0 Nanostructures Electrodeposition Electrodeposition method can be used to control | Lifen Xu, Yi
the morphology of ZnO nanostructures from Guo, et. al.
hexagonal rods to nanoneedles and (2005) [25]
rhombohedral rods.
ZnO nanodisk, nanospindles Facile aqueous ZnO nanodisk, nanospindles and nanoflowers are | R.C. Pawar, J.S.
and nanoflowers chemical method synthesized by facile agueous chemical method Shaikh, et. al.

varied pH from 5 to 10 of HCl and ammonia.
The pH of the solution isthe key factor to use to
control the morpholegy of the obtained ZnO.

(2012) [26]

Zn0O Nanorods

Hydrothermal process

Effects of the seed layer (ZnO, AZO and GZO seed
layer) for growth of ZnO nanorods by
hydrothermal process was reported.

Different seed layer affects the changes in

Jaejin Song and
Sangwoo Lim

(2007) [27]

Ge



diameter, density and surface area of highly

oriented ZnO nanorods.

ZnO nanostructures

Hydrothermal process

- The growth of ZnO NWs on silicon substrates
when vary seed layer thickness, seed layer
annealing and different substrates were
investigated.

- | Diameter, density and orientation of ZnO NWs can
be controlled by vary seeding layer preparation

conditions.

Eleni akarona,
Barbara
Athanassiou,
et. al. (2015)
[28]

Zn0:Ga Thin films

Radio frequency
reactive magnetron

sputtering

- The tilted columnar crystalline. structure and inclined c-
axis are related to substrate plane for growth ZnO:Ga

thin films by Obligue Angle sputterine.

V. Tvarozek, I.
Novotny, et.

al. (2012) [29]

9¢
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CHAPTER 3

RESEARCH METHODOLOGY
Chapter 3 explains the preparation of ZnO seeding layer and Ga/F co-doped ZnO
nanostructures. For the preparation process, it can be divided into 3 steps, first step
(topic3.1) is the film preparation by sol-gel method with dip coating step for seed layer
formation. The second step (topic3.2) is preparation of solution for the growth of Ga/F
co-doped ZnO nanostructures. The final step (topic3.3) is Ga/F co-doped ZnO

nanostructures growth preparation by hydrothermal process.

3.1. Preparation of ZnO seeding layers

First, deionized water (DI) were used to clean elass substrates, then continue
cleaning substrates by using 95% ethanol and acetone in an ultrasonic cleaner for 10
min, respectively. After that, dissolved zinc acetate dihydrate (Zn (Ac),-2H,0) and
diethanolamine (DEA) in 100 mL absolute ethanol and stirred-at 80 °C for 6 hr to use as
the precursor solution for dip coating process. Finally, the cleaned glass substrates were
dip-coated into the solution followed by a 15 min-annealing step on a hot-plate at 100
°C after each coating.. Finally, annealing process in‘a furmace for-2 h. Moreover, we
found that the ZnO seeding layers is an important parameter that affects the shape,
density, alignment, crystallinity and preferned c-axis orientation of GFZO nanostructures
formed during hydrothermal process. Thus; the ZnO seeding layers were prepared with
various deposition conditions -such as varied annealing temperature (200-500 °C),
number of coating (5-15 times)and various UV-Ozone treatment durations (0-20 min) for
the growth of GFZO nanostructures. The experiment procedure flow chart for the

fabrication of ZnO seeding layers is illustrated in figure 3.1



Zn (Ac),2H,0 + Absolute Ethanol

Stirred at 80 °C l DEA

Dip-coated on substrates

l 5, 10and 15 times

Annealed at 500 °C

1

Zn0 seeding layer

Figure 3.1 Flow chart for the preparation-of ZnO seeding layers.

28



2y

3.2. Preparation of Ga/F co-doped ZnO solution

For the growth of Ga/F co-doped ZnO nanostructures, figure 3.2 shows the
experiment procedure flow chart for preparing Ga/F co-doped ZnO solution. It started
with the preparation of 100 mL of 0.05 M zinc nitrate hexahydrate (Zn(NO3)2-6H20),
ammonium fluoride (NH4F) as a F doping source, gallium (Ill) nitrate hydrate (GaN3Oy) as a
Ga doping source, and hexamethylenetetramine (HMTA). The concentration of gallium

(I nitrate hydrate and ammonium fluoride was varied at 1-5% and 1-5%, respectively.

Zn(NO,) -6H,0+GaN, O /NH,F

HMTA

Deionized water

1

Ga/F co-doped ZnO solution

Figure 3.2 Flow chart for the preparation of Ga/F co-doped ZnO solution.
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3.3. Preparation of Ga/F co-doped ZnO nanostructures

Figure 3.3 illustrates the experiment procedure diagram for the growth of Ga/F co-
doped ZnO nanostructures grown on ZnO seeding layer. First, ZnO seeding layer was
dipped into Ga/F co-doped ZnO solution and then loaded into a Teflon autoclave for
the hydrothermal synthesis operating at 90°C for 2 hr. After the operation time was

reached, the obtained white solid product was separated from the solution by ultrasonic

and was washed with distilled water then dried in an oven at 100°C for 24 hr.

GFZO solution

—

+1

—
4

Teflon autoclave

Hydrothermal at 90°C for 2 hr,

washed with DI

Dried at 100°¢
for 24 hr

Figure 3.3 Diagram of Ga/F co-doped ZnO nanostructures.



al

3.4. Characterization

1. FE-SEM (JEOL JSM-7500F) was used to investigate morphologies of all samples. EDS
(Bruker AXS Quanta 4010) was employed for confirming the existence of fluorine and
gallium contents in the samples as shown in figure 3.4.

2. XRD (X’Pert PRO) was used to characterize the crystal structures of all samples as
shown in figure 3.5.

3. Optical transmittance (T) measurement was carried out using a spectrophotometer
(Thermo electron corporation) as shown in figure 3.6.

4. Photoluminescence spectroscopy (set up at Shizuoka university) was used to detect
the luminescence of all.samples in order to investigate the effect of Ga and F dopants

(shown in figure 3.7).

Figure 3.4 Field Emission Scanning Electron Microscope (JEOL JSM-7500F).



Figure 3.5 X-ray diffractometer (X’Pert PRO).

Figure 3.6 UV-vis spectrometer (Thermo electron corporation).
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Figure 3.7 Photoluminescence spectroscopy set.up at.Shizuoka university.
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CHAPTER 4

RESULTS AND DISCUSSION

The influence of crucial process parameters including Ga and F dopants, seeding
layer thickness, seed layer annealing temperature and tilted-angle of seeding layer on
relevant physical properties of the grown materials were experimentally conducted and
investigated. The results evidently disclosed that Ga and F dopants have strong
influence not only in an alternation of its.morphological properties including shape, size
and density but also in-the~structural defect-related. optical properties of grown
structures. Meanwhile, .growth direction' and ‘merphology of.the hydrothermally grown
structures were significantly affected by number of coating layers, seed layer annealing
temperature and tilted-angle of seeding layer. We found that the ZnO seeding layers is
an important parameter that affects ‘the shape, density, alighment, crystallinity and
preferred 'c-axis orientation of« GFZO nanostructures formed. during ' hydrothermal
process. FE-SEM was- used  to \investigate the' morphologies of all samples. EDS was
employed for: confirming the existence and content of relevant elements in the
samples. XRD was "used to characterize the crystal structures of “all samples. The
photoluminescence spectroscopy was conducted to investigate the defect induced by
dopant in the sample. Helium-cadmiumtaser (A= 325 nm) was' used as optical
excitation source in photoluminescence (PL) experiment. Each sample was cooled down
from room temperature (RT) to 25-K'in.a-typical cryostat. Fiber optic spectrophotometer

(Ocean Optics Inc. USB'4000) was used to collectithe luminescence signal.
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4.1 Preparation of ZnO seeding layer
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Figure 4.1 TG-DTA data of zinc acetate precursor.

The 'differential temperature analysis (DTA) and thermogravimetric analysis (TG)
are shown in figure 4.1. The differential  temperature analyses were measured to
investigate thermal behavior of zinc acetate dehydrate (CH3COQ),Zn-2H.0O solution. As
observed in figure 4.1, the weight loss (~ 60%) of ' differential. temperature analysis range
200°C-250°C was accredited to the loss of acetate' groups. In addition, thermal
decomposition curve at 258.29 °C'in'TG'curve shows the decomposition of organic
residuals [30-33]. Moreover, insignificant change of TG result beyond this temperature is
noticed, indicating the good thermal stability of the last product of this starting
precursor. This feature suggests that zinc acetate precursor can be chosen as sol-gel
based precursor for ZnO seed layer with high stability beyond certain decomposition

temperature.
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4.1.1 The effects of annealing temperature on physical properties of ZnO

seed layers

Partial results of the presented work have been published in:
Journal of Nanoscience and Nanotechnology Vol. 18, 7296-7301, 2018
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Figure 4.2 XRD patterns of ZnO seed layers annealed at different temperatures of 200-

500°C.

Figure 4.2 shows XRD graphs of deposited ZnO seed layers by the dip coating
process (at 200°€, 300°C, 400°C_and 500°C annealing temperature). The results show
that at 200°C, the amorphous -phase of the:seed layer -is indicated because no
noticeable diffracted peak is observed. At 300°C and 400°C, the diffraction patterns of
ZnO began to appear. This feature specifies the change of the seed structure from
amorphous phase to polycrystalline phase ZnO. The diffraction peaks became
pronounced and distinct as annealing temperature was further increased at 500°C due
to the better ZnO crystallization. The (100), (002) and (101) peaks are positioned at 2@
= 31.8°, 34.5° and 36.2°, respectively. The orientation informed by XRD data of
samples annealed at this temperature range indicates the polycrystalline nature of these

seed layers that are well agreeable to JCPDS Card No. 36-1451[34]. The crystal size can
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be calculated from the XRD spectra following the Scherrer’s relation expressed in
equation (4.1).

KA
pcost

(4.1)

Where A is the wavelength of Cu Ka (0.154 nm), D is the sample crystallite size,

shape factor constant K'is 0.9, ﬁ is the full-width at half maximum (FWHM), and @is the

Bragg angle. It is obviously neticed the significant increasing of the seeding layer crystal
size from 12.36 nm to 26.23 nm when increasing annealing temperature from 400°C to

500°C.

Moreover, the effect of ~annealing. temperature on the ' structural and
morphological of ZnO seed layers for growth of GFZO nanostructures was studied and
corresponding-results are-shown «in figure 4.3 and’ figure 4.4, The X-ray diffraction
patterns of 5G3FZO  nanostructures grown on - ZnO seed layers with different
temperatures are displayed in-figure /4.3, With different annealing temperatures, the
characteristic peaks -indicate  that wurtzite structure of 5G3FZO. nanostructures are
successfully fabricated on ZnQ seed layers.-Regarding to the difference in XRD patterns,
it is suggested that seed layer with different annealing temperature has strong influence
on crystallinity and,. preferred orientation direction of the grown structure. At annealing
temperature of 200-300°C, no any characteristic peak of ZnO-was observed, reflecting to
imperfection of crystal growth-or amorphous phase-of the product. As the annealing
temperature was raised to 400°C, corresponding XRD pattern indicated the crystal
growth of hexagonal wurtzite ZnO structure without preferable growth direction onto
the seeding layer. After the annealing temperature of seed layer elevated to 500°C, the
hydrothermally grown structure had wurtzite structure with (002) preferable growth

direction, implying the vertically-aligned rod structures of the product.
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Figure 4.3 XRD patterns-of 5G3FZ0 nanostructures-annealed with different temperatures

of 200-500°C.

Moreover, no second phase of impurity was detected in XRD pattern, suggesting
good incorporation-of the dopants in ZnO structure. In addition; the lattice constant, c,

of the (0 0 2) plane was evaluated by following equation:
Al (4.2)

Another important parameter is the strain &, along the c-axis that can be calculated

using the following formula.

=—2x100
C (4.3)

0

£
zZZ

where standard lattice constant C, is 0.5206 nm.

Table 4.1 shows the c-axis lengths for 5G3FZO nanostructures grown on ZnO

seed layers at annealing temperature at 400-500°C that calculated using the standard

equation for the wurtzite crystal structure. These results show the effect of seed
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annealing temperatures. The nanostructures could grow with different values of c-axis
lattice parameter. The strain values along the c-axis (&) of the seed layer has been

calculated. In typical, strain & of the seed layer is considered to be one crucial factor
that has momentous influence on the grown structural properties on the layer due to
the lattice mismatch of two materials. However, it has been also proved that at early
stages of the deposition when the crystallite sizes are small enough, a tensile stress of
the film can be developed due to the attraction forces between grain boundary atoms.
The morphologies of 5G3FZO nanostructures grown on ZnO seed layers annealed at 200
°C, 300 °C, 400 °C and 500°°C;fheasured by FESEM are shown in figure 4.4. Increase
annealing temperature of seed layer shows the structure of 5G3FZO nanodisks has been
changed to nanorods hexagonal-like' structure [36]. The diameters.and length of 5G3FZO
nanorods evaluated from SEM image are found to be-in the range of 50-200 nm and
approximately 1 Llmn, respectively. During GFZO nanostructures-growth, the increase in
annealing temperature gives the positive effect of enhancing strain of the ZnO seed
layers performing as. the ‘active nucleation sites. ZnO seed layers annealed at 500 °C is

the best conditions for erowth of 5G3FZO nanorods. In this research-used this condition

anyway.

Table 4.1 Structural properties of 5G3FZO nanostructures deposited on ZnO seeding

layer at different annealing temperatures.

Seed layers 20 002 (%) - FWHM (°) € (A) D(nm) Strain &z
annealing Temp. (%)

(°0)

400 34.40 0.488 5.210 15.54 0.0901

500 34.46 0.281 5.443 26.98 0.0945
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Figure 4.4 FE-SEM images of 5G3FZ0 nanostructures with the different annealing

temperature of seed layer as 200-500°C.
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4.1.2 The effect of number of coating layer on physical properties of ZnO
seed layers

Partial results of the presented work have been published in:
Materials Today: Proceedings 4 (2017) 6129-6133

The morphological and structural properties of seed layers with different number
of coating layers were determined using XRD and FE-SEM measurements as shown in
figure 4.5 and figure 4.6, respectively. Figure 4.5 shows the X-ray diffraction patterns of
ZnO seed layers with 5, 10 and 15 coating times and annealed at 500°C. A broad XRD

pattern appeared in all samples-in the-low 26 region-ranging from 20° to 40° attributes

to a typical diffraction pattern of a glass substrate. XRD results indicate the characteristic

phase of wurzite-ZnO (100), (002) and (101) positioned at 26 =31.8°, 34.5° and 36.2°,
respectively [35]"It was observed that the peak intensities of characteristic XRD peaks
and crystallinity of ZnQ thin films are stronger as the films are assembled with more
thicknesses. The wurtzite structure of ZnO formed by the tetrahedral sp® ~hybridization
shows the parallel direction of each apex to the ¢ axis. ZnQ._thin films are subject to
grow toward the (002) direction [37-40]. The crystallite size of ZnO seed layers prepared
at different coating times was calculated using the ‘Scherrer’s formula as shown in the
equation (4.1). Figure 4.6 shows the change in crystallite size depending on the number
of coating time. The size of the crystal increases as the coating time or thickness of the
Zn0O seed layers increases. The cross-section images. of the seed layers with various
coating times revealed: from FE-SEM images.in Figure 4.7 exhibit guite uniform crystal
grains, which is in goed-agreement with the results calculated by XRD pattern. It is also
noticed from both FE-SEM.and. calculated results that-its crystallite size significantly
increases as the number of dip coating increases. From cross-sectional FE-SEM images,
the average number of coating layers of the ZnO seed layers was increased from 165
nm, 186 nm and 228 nm with increasing number of coating from five, ten and fifteen
times, respectively. The number of the coating has a significant influence on the
geometrical characteristic of the ZnO-based nanorods as well as the alignment, which
becomes more directional and vertical with increasing number of coating layers of seed

layers. Thus, the study of effect number of coating layers on structure and morphology
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of ZnO seed layers for growth of GFZO nanostructures are shows in figure 4.8 to figure

4.9.
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Figure 4.5 XRD-pattemns of ZnO seed layers when the seed layers were dip-coated for 5

to 15 times and annealed at 500°C.
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Figure 4.7 FE-SEM images of ZnO seed layers when the seeding layer solution was dip-

coated for 5 to 15 times.
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Figure 4.8 XRD patterns of GFZO nanostructures whenthe seed'layers were dip-coated

for 5 to 15 times.

The XRD patterns of GFZO nanorods grown on seed layers with different number
of coating layers are shown in figure 4.8, XRD analysis reveals that the grawth of GFZO
nanorods occurs mainly-along the (002) direction, which-may lead to the highest growth
of GFZO nanorods.-The broader (002) orientation peaks of the ZnO seed layers at five
and fifteen times are the results of the smaller and bigger crystal sizes compared to the
Zn0 seed layers deposited ‘at ten times-of coating, which is the main reason for the
higher density ‘of nanorods.’ Top' view and cross-sectional FE-SEM images of GFZO
nanorods grown on ¢lass substrates when the seeding layer solution' was dip-coated for
5, 10, and 15 times; and annealed at 500°C are shown in figure 4.9. The hexagonal
pillars with a flat facet surface-of GFZO nanorods were grown in vertical direction. It is
also clear that ZnO seed layers with various number of coating affect the size and
orientation of the nanorods. The GFZO nanorods active nucleation sites possess higher
density with an increase in the ZnO seed layers number of coating at ten times. The

cross-sectional analyses illustrate that the hydrothermally grown GFZO forms the large
area of uniform rods with an average length of ~613 nm (for five times of coating) and

~343 nm (for ten times of coating). ZnO seed layers at ten times is the best conditions

for growth of 5G3FZO nanorods. In this research used this condition anyway.
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Figure 4.9 FE-SEM images of GFZO nanostructures when the seeding layer solution was

dip-coated for 5 to 15 times.
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4.1.3 Physical, optical and morphological properties of ZnO seed layers
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Figure 4.10 XRD patterns of ZnO seed layer.

Figure;4.10  shows 'the' X-ray diffraction patterns 'of ZnO seed: layer when the

seeding layer solution was dip-coated at 10 times and annealed at 500°C. XRD results

indicate the' characteristic phase of wurtzite Zn©Q (100), (002), (101), (102) and (110)

centered at 26 :31.80, 34.5°, 36.20, 47:1° and 56.20, respectively"(JCPDS card No. 36-
1451) [35]. In addition, the XRD result confirms the farmation of ZnO structure of the
seed layer without.any preferential grown direction. The crystal sizes of ZnO seed layers
was calculated using the Scherrer’s formula as shown in theequation (4.1). The crystal
size of the particles can be caleulated-from the full width at half maximum (FWHM) and
angular position of the (100), (002), and (101) diffraction peak. The average crystal size of
Zn0 seeding film layer is found to be altered from 20 to 30 nm. The optical transmission
spectra of ZnO seed layer at room temperature is shown in figure 4.11 The transmission
spectra indicate sharp absorption edge in the vicinity of 370 nm. To calculate the energy
ga (Eg) of the ZnO seed layer, the absorption coefficient was estimated using the

following relation:
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1 1
oa=—1In(—
5 n(T) (4.4)

Where QU is absorption coefficient, T is transmittance, and D is thickness of the film.

The Eq for a direct transition is given by:

hy = A(hv — Eg)"? (4.5)

where A'is a constant, and hV is the incident photon energy.

A semiconductor absorbs the light below a threshold wavelength (7Lc), e, [hV = Eel or

1240
]’N!’ - —)\— (4.6)

The B¢ of the samples was derived by plotting the Tauc’s formula and taking the
extrapolation of the linear portion from the plot of (hV)* versus the photon energy

(hV), as shown in figure 412 The E¢ is 3.28'aV of ZnO seed layer confirming the good

formation of ZnO.

The FE-SEM image of ZnO-seed layer is shown. in figure 4.13.-The FE-SEM image
shows that the smooth surface and-uniferm grain size that is in good agreement with the
results revealed by XRD pattern. The incorporation of Zn-and Q'is confirmed by the EDS
result as shown infisure 4:14. The table inserted in the figure (inset of figure 4.14) shows
the content of the elements presented in the ZnO seed layer. The elemental content of
the marked area is as follows:-Zn =-13.063wt.% and O = 28.608 wt.%. In the EDS
spectrum, numerous well-defined peaks for Zn and O clearly indicate that the ZnO seed
layer is made of Zn and O. No other peaks related to impurities were detected in the

spectrum, confirming that the synthesized seed layers are ZnO.
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Figure 4.11 Transmission spectra of ZnO seed layer when the thin film solution was dip-

coated at 10 times and annealed at 500°C.
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Figure 4.12 The energy gap (Eg) of ZnO seed layer when the thin film solution was dip-

coated at 10 times and annealed at 500°C.
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Figure 4.13 FE-SEM images of ZnO seed layer when the thin film solution was dip-

coated at 10 times and annealed at 500°C.
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Figure 4.14 EDS spectrum of ZnO seed layer.
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4.1.4 The effect of UV-Ozone treatment on ZnO seed layers
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Figure 4.15 Contact angles between water droplets on glass and ZnO seed layers with

various UV-Ozone exposure times.

Zn0 nanostructure
Without UVO treatment

INbsiadl s, b
glass substrate s f glass substrate ]
Zn0O seed layer ’

glass substrate Zn0 nanostructure
With UVO treatment

" glass substrate » glass substrate I

Figure 4.16 Schematic of the best condition for grown of ZnO nanostructures.

In this work, we found the low surface wettability of GFZO nanostructures on ZnQO
seed layers when the thin film solution was dip-coated at 10 times and annealed at

500°C, Therefore, the effect of surface wettability for high density of GFZO

nanostructures on ZnO seed layers that can be modified by UV-Ozone treatment was
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investigated. The surface wettability is measured by water contact angle. Figure 4.15
shows contact angle between water droplets on glass and ZnO seed layers with various
UV-Ozone times of 0 to 20 min. The sample treated with UV-Ozone exposure for 0 and

2 min shows hydrophobicity on ZnO seed layer with corresponding water contact angle
of about 97° and 72°, respectively. After treatment for 4 to 20 min, hydrophilic surface

was obtained accompanying water contact angle of 38° to 17°, respectively. The results
show that the smaller contact angle can be obtained with longer treatment times. It is
confirmed that the surface cleanliness and surface wettability can be improved by using
this technique. Generally, the irradiated wavelengths of WV-Ozone system are about 185
nm to 254 nm. At the wavelength of 200 nm [41-43], oxyeen. free radicals are formed
from the oxygen molecule (O,) dissociation due to the photon energy. Then 02 on the
surface are reduced. These generated oxygen radicals are intended to further create
hydroxyl group at the .surface; which directly enhances surface wettability. Figure 4.16
shows the schematic drawing of related possible; mechanism: In our method, the best

condition of high density, high surface wettability-and uniform for ZnO-nanastructures on

ZnO seed layers, are' dip-coated 'at 10 times, annealed ‘at 500°C and UV-Ozone
treatment at- 20 min. Figure 4.17 shows the X-ray diffraction patterns of GFZO

nanostructures grown en ZnO seed layers modified by UV-Ozone treatment. XRD results
indicate the characteristic phase of wurzite-ZnO (100), (002) and (101) positioned at 26 =

31.80, 34.5° and 36.20, respectively [35]. At certain treatment times, the peak intensities
of characteristic XRD.peaks and crystallipity-of GFZO nanastructures are stronger. The
UV-Ozone treatment times_at 18 and 20 min shaw-the strong diffraction (002) peak,
which indicates highest crystallinity growth.of GFZO nanorods and a stable phase in the
ZnO seed layers. As shown in figure 4.18, 4.19, 4.20 and 4.21, the FE-SEM images the
GFZO nanostructures grown on ZnO seed layers modified by UV-Ozone treatment. In
the case of UV-Ozone treatment at 2, 10 and 18 min (as shown in figure 4.18, 4.19 and
4.20), non-uniform and lower density of GFZO nanostructures growth on the ZnO seed
layer were observed. The nucleation site density of the wettability on the ZnO seed
layers were insufficient to growth of GFZO nanostructures because of a lower bonding

energy for the ZnO seed molecules. The sample with UV-Ozone treatment for 20 min in
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figure 4.21 shows product with uniformity and the highest density growth of GFZO
nanostructures that can increase the wettability number due to OH groups and higher
bonding energy of the ZnO active nucleation sites. It is suggested that the UV-Ozone
treatment process is considered to be a simple and efficient method to prepare GFZO
nanostructures on ZnO seeding layer. The incorporation of Ga, F, Zn and O is confirmed

by the EDS results as shown in figure 4.22.
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Figure 4.17 XRD patterns of GFZO nanostructures at various UV-Ozone treatments.
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Figure 4.18 FE-SEM micrographs of GFZO nanorods grown on ZnO-seed layers after UV-

Ozone treatment at 2 min.

Figure 4.19 FE-SEM micrographs of GFZO nanorods grown on ZnO seed layers after UV-

Ozone treatment at 10 min.
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Figure. 4.20 FE-SEM micrographs of GFZO nanorods grown on ZnO seed layers after UV-

Ozone treatment at 18 min.
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Figure 4.21 FE-SEM micrographs of GFZO nanorods grown on ZnQ seed layers after UV-

Ozone treatment at 20 min.
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Figure 4.22 EDS spectrum of Ga-F co-doped ZnQ nanostructures.

It is' found that the ZnO seeding layer thickness with ten times of coating,

annealed at 500 °C and UV-Ozone treatment for 20 min is considered to be optimized
condition ' to -obtained well-defined GFZO nanostructures with. high ‘uniformity and

density.
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4.1.5 The effects of Ga and F doping concentration into ZnO structures

Partial results of the presented work have been published in:
Journal of Nanoscience and Nanotechnology Vol. 16, (2016) 12962-12966.

During hydrothermal process, the formation of ZnO nanostructures are possibly
proceeded via the following mechanisms and corresponding equations (4.7) to (4.12):
First, Zn(NO3), precursor is dissolved and provides zinc ions as noticed in equation (4.7).
Ammonia molecules (NHs) and hydroxide ions (HO™), provided by HMTA following
equations (4.8) and (4.9). NHs.and HOy-abundant in. the mixed agueous solution can
react with zinc ions to Initially create Zn(OH): as expressed in equation (4.10). This
intermediate product can be further dissolved by reacting with superfluous HO™ ions and
Zn(OH)s*~  solution is—consequently achieved following equation (4.11). In the
hydrothermal ‘process, the~Zn(OH)#*~ would undergo the dehydration process via
equation (4.12)to be transformed inte ZnO nuclei-simultaneously. Under extreme
hydrothermal conditions, these ZnO nuclei could be self-assembled to form the rod-like

nanostructures along a preferred axis orlentation depending upon growth conditions.

Zn(NO,), — Zn* + 2NO;’ (4.7)
C,H,,N,+6H,0 <> 6HCHO + 4NH, (4.8)
NH,+H,0 «>NH, + OH" 4.9)
Zn* +20H —Zn(OH), ¥ (4.10)
Zn(OH),+20H — Zn(QH),* (4.11)
Zn(OH),* — Zn0 + H,0 + 20H" (4.12)

Figure 4.23 shows the XRD spectra of ZnO nanostructures growth on ZnQO seed
layer annealed at 500°C. The clearly seen diffraction peaks positioned at 2@ = 31.77°,
34.42°, 36.25° 47.54° and 56.60° are assigned to (100), (002), (101), (102) and (110)
orientation planes of ZnO with hexagonal wurtzite structure, respectively. The planes of
wurtzite ZnO (JCPDS card No. 36-1451) confirm the formation of ZnO structure of the

seed layer. Furthermore, the crystal size of the particles can be calculated from the full
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width at half maximum (FWHM) and angular position of the (100), (002), and (101)
diffraction peak by Scherrer’s equation [35].
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Figure 4.23 XRD patterns of ZnO nanostructures.

The average crystal size of ZnO seed layer is found-at about 9.34 nm. The
diffraction ‘peaks. of crystal- plane (100) and (101) ih 1%GZ0, 5%FZ0Q and 5G3FZO
samples are nearly negligible but only the diffraction peak (002) of crystal plane can be
observed are shown«n figure. 4.24, 4.25-and-4.26. The intensity of (002) peak increases
to some extent for thesample incorporated by 1%GZO, 5%FZ0 and 5G3FZO, but
decreases gradually for the samples doped with 3% Ga, 5%Ga, 1%F, 3%F and co-doped
with 1%, 3% of Ga and 1%, 5% of F..This variation of ZnO peak intensity might be due
to the incorporation of Ga and F in the interstitial sites of ZnO lattice. From figure 4.24,
4.25 and 4.26, it can be seen that all nanostructures have the hexagonal shape,
suggesting ZnO nanostructures in all the samples grow along the (002) direction. This
may originate from the fact that ZnO crystal growth is inhibited in other directions, while
the (002) direction is preferable and has the fastest growth velocity. However,
incorparated dopants may also greatly affect the crowth rate of ZnO nanostructures

along this direction by modifying its surface energies.
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Figure 4.24 XRD patterns of GZO nanostructures with different Ga concentrations.
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Figure 4.25 XRD patterns of FZO nanostructures with different F concentrations.
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Figure 4.26 XRD- patterns 'of  GFZO —nanostructures with different Ga and F

concentrations.

Figure 4.27 to 4.32/show the FE-SEM images of ZnO, GZO, FZO and GFZO
nanorods with different Ga and F.contents. The effects of Ga and F doping concentration
on grain size can be clearly seen in figure 4.28 to 4.32. ZnO and Ga/F co-doped ZnO
exhibit a nanorod structure. The dopant concentration is directly affecting ZnO rod size.
Increasing Ga doping concentration can induce the reduction in rod size. The 1%FZO
and 3%FZO grown on ZnO seeding layer exhibit slightly poorer vertical aliscnment as
shown in figure 4.28. The hexagonal nanorods are well-grown on seed layers. The
orientation, size, and length of hexagonal nanorods can be controlled by F dopant
concentration. However, the nanorod size shows significant decrease with increasing

doping concentration. The smaller size of FZO nanorods grown on ZnO seeding film
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results from the decrease in the F concentration. Moreover, nanodisk/nanorod
morphology could be observed in the samples doped with Ga. The nanodisk/nanorod
are hexagonal in shape and well-grown on the ZnO seed layers. The 1%Ga dopant
strongly affects the orientation and size of ZnO nanodisk/nanorod, especially its size
which increases with increasing dopant concentration as observed in figure 4.29.
Meanwhile, figure 4.30 to 4.32 show that the GFZO samples have flat hexagonal
crystallographic planes indicating that the ZnO nanorods are hexagonal in crystal
structure. This feature could be credited to the rapid vertical growth rate of
nanodisk/nanorod and its limited growth along.the lateral direction. The grain sites of
seed layers serve as nucleation sites for nanodisk/nanorod. growth, so their roughness is
an important factor.’ The smooth seed layer surface and smaller nucleation size are
possibly generated nanodisk/nanorod formation. The growth of smaller grains increases
in the density of grains per unit area. At higher nucleation_densities, lateral growth is
effectively ‘suppressed, which results in rods with smaller sizes. For rod/disk growth,
Zn"*ions may-diffuse into the' growth site ‘and create bonds with’ O%ions. A lower
nucleation ' size required @ smaller number of Zn**ion diffusion and less bonding
formation 'to create rods. [44-48]. These conditions ‘may - result in a higher
nanodisk/nanorod. growth rate and create mixed morphologies. of Ga/F co-doped ZnO
nanorod. In addition, we confirm the length-and diameter of the nanorod by TEM image.
Figure 4.33 shows a typical TEM limage of ZnO, GZO, FZO and GFZO nanorods with
different Ga and F contents, the all sample have hexagonal shape with the diameter

sizes of nanorods are in. the range of 50-120 nm and the. length about 350-800 nm.
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Figure 4.27 FE-SEM images of ZnO-nanorods.
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Figure 4.28 FE-SEM micrographs of 1%, 3% and 5% F doped ZnO nanorods.
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Figure 4.29 FE-SEM micrographs of 1%, 3% and 5% Ga doped ZnQO nanorods.

64



nanorods / ZnO seed

Figure 4.30 FE-SEM micrographs of Ga/F doped ZnO nanorods.
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Figure 4.31 FE-SEM micrographs of Ga/F doped ZnO.
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Figure 4.32 FE-SEM micrographs of Ga/F doped ZnO nanorods.
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4.1.6 The effect of substrate placement angle-dependent of ZnO seed layers

Partial results of the presented work have been published in:
Ceramics International 43 (2017) S529-5534.
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Figure 4.34 XRD patterns of GFZO nanostructures with the ZnO seed layers placed at
different tilted-angle.

The systematic way in the influence of angle-dependent substrate placement
during hydrothermal growth on structural properties and morphologies of Ga/F co-
doped ZnO nanostructures is investigated. The angle-dependent substrate placement

has been found to be one of the key factors that can control the density, length and
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shape of the hydrothermally grown Ga/F co-doped ZnO nanostructures. The XRD
patterns of Ga/F co-doped ZnO nanostructures with the ZnO seed layers placed at
different tilted-angle are shown in figure 4.34. A broad XRD pattern appeared in all

samples in the low 26 region ranging from 20° to 40° ascribes to a typical diffraction
pattern of a glass substrate. Three strong diffraction peaks are observed at 26 ranging
from 30° to 40°, which can be well indexed as wurtzite ZnO crystal structure (JCPDS
card No. 36-1451) [21]. The diffraction peaks of crystal plane (002) and (101) in 180°,

30°upside—down, 90°, 60°upside-down and. 60° upturned samples are nearly negligible

but only the diffraction peak.of crystal plane (100) can.only be observed. For the GFZO

nanostructures with” a” substrate-tilt angle 'of 60° upturned;. non-preferential growing
direction were observed accompanying three characteristic peaks of wurtzite ZnO crystal
structure. The deterioration of) the'(100) orientation is considered as the result of the
energy minimization, which means.the 'sum of the surface enerey.in the nanorod, the
nanorod-substrate interface energy and strain energy [48-50]. When the substrate tilted
angle becomes ereater, the diffusion and collision-among the incident species become
significant at-the surface of the deposited nanorods. Energetic deviation of the minimum
value for (100) orientation results to the other crystallographic orientation of the rod
growth. The intensity. of (100) peak increases to some extent for the sample that
incorporated. F (3%), but decreases gradually for the samples doped with Ga (5%) and
co-doped with. Ga and F. This variation of ZnO peak intensity- might be due to the
incorporation of Ga and F.in the interstitial sites of ZnO lattice. Based on the variation of
the XRD patterns, it could-be deduced that the crytallinity and texture of nanorods are
influenced significantly by the substrate-tilt-angle in-the deposition process. Figure 4.35
shows the FE-SEM images of GFZO nanostructures with the ZnO seed layers placed at
different tilted-angle and cross sectionals view of all samples. It is clearly observed that
all samples are hexagonal in rod-shape and well-grown on the ZnO seed layers. The
effects of tilted-angle of substrate placement on the rod size can be clearly seen in

Figure 4.35. From top images, the average diameter of the GFZO nanorods ranges from
90 nm, 89 nm, 78 nm, 89 nm, 196 nm and 125 nm with180°, 30° upside-down, 90°, 60°

upside-down, 30° upturned and 60° upturned samples, respectively.
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Figure 4.35 FE-SEM micrograph of GFZO nanostructures with the ZnO seeding layer
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60° upturned)).
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From cross-sectional FE-SEM images, the average length of the GFZO nanorods
were found to be approximately 741 nm, 1185 nm, 475 nm, 758 nm, 802 nm and 1910
nm with 180°, 30° upside-down, 90°, 60° upside-down, 30° upturned and 60°upturned
samples, respectively as shown in Figure 4.35. Based on a previous report, it had been
reported that the ZnO crystalline size was also strongly dependent on tilted-angle of
substrate. The rate of nanorods growth may be influenced by the placement and tilt-
angle of substrate during crystal growth. In addition, the Ga and F dopant strongly affects
the orientation, size, and length of ZnO nanorods.

The optical transmittance spectra of GFZO. nanostructures with the ZnO seeding
layer placed at different tilted-angle are exhibited in figure-4.36. All transmission spectra
of GFZO nanorods indicate sharp absorption” edge in visible: range suggesting good
quality of GFZO nanorods grown by hydrothermal process. Absorption edge of GFZO
nanorods with higher substrate tilt ansles of 180°, 30°upside-down, 90° and 60°upside-
down shows a significant blue shift to the region of high photon energy. The blue shift of
the band-gap energy with considered to be mainly related to the inerease of strain in
the nanorods induced by: defects, Although the increases of the band-gap energy with
the increasing tensile strain correlates well with the relation between the nanorod stress
and band-gap energy, this empirical relation does not-agree with-the simulation results
of density functional theory based on the bulk Zn®. When the substrate tilt angle
becomes relatively high, the increasing strain in-ZnQO nanocrystal is possibly caused by
good crystallinity ‘with~ a polycrystalline “structure; The GFZO  nanorods are nearly
transparent in the visible region with more than 60 % transparency within 380 nm to 600
nm. The incorporation of Ga.and.F dopants is confirmed by the EDS results as shown in
figure 4.37. The table inserted in the figure (inset of figure 4.37) shows the contents of
existing elements in the Ga/F co-doped ZnO nanostructure detected by EDS. The
elemental content of the marked area is as follows: Zn = 54.393 wt.%, O = 18.612 wt.%.,
F=0.243 wt.% and Ga = 3.407 wt.%. Itis deduced that Ga and F were incorporated into
the nanostructures via the hydrothermal process. In the EDS spectrum, numerous well-
defined peaks for Zn, O, Ga, and F clearly indicate that the GFZO nanorods are made of
Zn, O, Ga and F. No other peaks related to impurities were detected in the spectrum

further confirms that the synthesized nanorods are Ga/F co-doped ZnO.
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Figure 4.36 Optical transmittance of GFZO nanostructures with the ZnO seeding layer

placed at different tilted-angle.
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Figure 4.37 EDS spectra of 5G3FZO nanostructure.
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4.2 The photoluminescence spectra of GFZO nanostructures

Partial results of the presented work have been published in:
Journal of Nanoscience and Nanotechnology Vol. 18, (2018), 7296-7301.

The results in this topic, based on article published in Journal of Nanoscience
and Nanotechnology Vol. 18, 7296-7301, 2018. All samples were measured using a He-
Cd laser with a wavelength of 325 nm as an excitation source for photoluminescence
spectra as shown in figure 4.38. Figure 4.39 shows PL spectra of ZnO nanostructures and
GFZO nanostructures with different-Ga and F concentrations grown on ZnO seed layer
prepared by hydrothermal process. It can be observed that all PL spectra obtained at
low temperature (25 K) have similar features including three sharp UV emission bands
(360-400 nm) and a broad yellow-orange emission band (500-700 nm) respectively. The
three sharp UV emission: bands are naturally-related to the near band edge emission

from the direct band gap of ZnO. The first peak with shortest wavelength of ~368 nm is

correlated to free exciton emission (FX). Second dominated peak located at ~375 nm is

typically ascribed to the emission of exciton of bound shallow neutral donaor (D°X). Third

peak situated at ~382 nm with breoad shoulder can be attributed to the donor to bound
exciton emission [51-55]. The broad yellow-orange emission band -may be spectrally
decomposed to two Gaussian peaks at 590-nm and 653 nm. The yellow-orange emission
is suggested to emanate from radiative de-excitation from-the conduction band to deep
level states attributed to doubly ienized oxygen vacancies (V) states (Vo **) [55-60]. The
origination of the yellow-orange emission band could be associated to the position of Ga
and F elements within the lattice-arrangement.-Incorporated Ga and F elements can
occupy the impurity sites to form interstitials or inhabit the main lattice sites to generate
a ternary compound. Probably, Ga and F elements in the as-grown GFZO would
substitute Zn atoms and O atoms, respectively. According to PL spectra of 5% Ga doped
ZnO nanostructures, it can be observed that the intensity of D°X gradually decreases
when the Ga doping concentration increases. This indicates that the crystalline quality of
GZO nanostructures decreases with increasing Ga doping concentration due to the

enhanced distortion of crystal lattice by extensive Ga concentration. Moreover, the over
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dopant of Ga atoms may reduce the D°X intensity by introducing either radiative deep
levels or nonradiative channels. Moreover, as seen in PL spectra of 5% F doped Zn0, its
PL intensity of yellow-orange emission became stronger. This feature implies the greater
defect sites in the lattice of doped sample, reflecting to the good incorporation of the

dopants that induce emission-related intrinsic defects of oxygen vacancies.

He-Cd laser
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Figure 4.38 Photoluminescence spectra of IK Series He-Cd LASER.
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Figure 4.40 Photoluminescence spectra of Ga/F doped GFZO nanorods with 5% Ga and

3% F concentrations.
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The fundamental temperature-dependent band gap of semiconductor material is
of considerable importance in basic science and technological applications. In typical,
two mechanisms are responsible for the temperature dependence of the forbidden gap
or excitonic transitions of semiconductor materials such as electron-phonon interaction
and thermal expansion of the lattice. Figure 4.40 shows photoluminescence spectra of
5G3FZO nanorods measured as a function of temperature ranging from 25 K to 285K.
The intensity of yellow-orange emission component decreases when the Ga/F were co-
doped into ZnO, indicating that the yellow-orange emission is closely associated with
the surface defect complex Vzn-OH, which-inhibits the yellow-orange emission. The PL
spectra also possesses-observable peak at 360-380 nm. In_PL measurement of 5G3FZO
nanorods, the important parameters that lead to determination. of its properties are the
maximum peak, PL peak-intensity, and the full width at half maximum. The values were
obtained by the fitting as shown in Table 4.2. The temperature dependent energy gap of
semiconductor-material is typically expressed in term of ‘empirical relations proposed by
many analytical models. It is. clearly seen in fisure 4.40 that there is-significant red-shift
of major peak of UV-emission with increasing temperature. The relationship of major PL
peak position with respect to temperature can be ‘explained by the Vashni empirical
model explained by the following equation.

2
E (T)=E,(0K)-«a D
= p+T (4.16)

When E(T) is the energy gap at temperature 7, & ‘and ﬁ are parameters to fit the

experimental data (referred to.as Vashni thermal coefficients) [61-64].

Figure 4.41 shows temperature dependent PL spectra of 5G3FZO nanorods with
curve fitting of three sharp UV emission bands (A) ~368 nm, (B) ~375 nm and (C) ~382
nm based on Vashni model. It is found that the best fitting process is exhibited in figure
4.41 (B). It can be seen that the fitting curve is in good agreement with the exciton of
bound shallow neutral donor (D°X) at ~375 nm. Furthermore, the broadening of this
near band edge emission with increasing operating temperature is also noticed that may

due to the natural temperature-induced broadening mechanism in semiconductor.
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Figure 4.42 shows schematic electronic level diagram of (A) ZnO nanorods, (B) Ga doped
Zn0O nanorods, (C) F doped ZnO nanorods and (D) 5G3FZ0O nanorods. The intensity of
UV emission bands and broad yellow-orange emission band changed when the samples
were doped by Ga and F. This manner could be due to the presence of amount zinc
interstitial (Zni) and oxygen vacancies (Vo) defects induced by Ga and F dopants. Ga
substitution in the ZnO lattice may be responsible for the UV emission. The UV emission
peak may probably come from donor zinc interstitial (Zn®) to zinc interstitial with
positive charges (Zn*). On the other hand, F substitution in the ZnO lattice may be
responsible for the yellow-orange emission.-As.the-amount of oxygen vacancies is high,
the yellow-orange emission peak may probably come-from oxyeen vacancy with a
positive charge (V") to oxygen vacancy with a two positive charges (Vo). Based on the
PL results, it can highly confirm the existence and the crucial roles of Ga and F dopant

and substitution in the ZnO lattice structure,

Table 4.2 FWHM of PL spectra, Energy gap of PL peak of 5G3FZ0 nanorods.

Temperature(K) FWHM (meV) at peak Energy gap (eV) at peak
1st 2nd 3rd ist 2nd 3rd
25 58.91 31.06 19.41 3.23 391 3.36
50 25.1% 25.88 30.19 6.23 3.31 335
75 22,95 2543 36.84 3.23 561 335
100 22 26.76 78.34 323 3.30 3.34
125 29.65 30.57 - 3.23 3.30
150 G701 3o m— 3.23 3.30 .
17% 24.84 41.59 - 3.22 3,29 &
200 - 38.81 - 3,22 3.28 -
225 - 58.04 = - 3.27 -

285 - 125,15 . . 323 -
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Figure 4.41 Temperature dependent PL spectra of 5G3FZO nanorods with curve
fitting of three sharp UV emission bands (A) ~368 nm, (B) ~375 nm and (C) ~382 nm.
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Figure 4.42 Schematic electronic level diagram of (A) ZnO nanorods, (B) GZO nanorods,
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CHAPTER 5

CONCLUSION

In summary, the effect of annealing temperature of ZnO seed layer was
investigated. The Ga/F co-doped ZnO nanostructures were fabricated by hydrothermal

process onto dip-coated ZnO seeding layer that was annealed at different temperatures

ranging from 200-500°C. The corresponding XRD and FE-SEM results suggested that
different shapes of nanostructures of GFZO.could be grown on the seed layer annealed
at different temperatures, Possible reactions and mechanisms for the formation of GFZO
nanostructures during~hydrothermal ' process “and- the influence of seeding layer
annealing temperature on the, growth mechanism-are suggested. The matching of
preferential orientation direction - between seeding layer that depends on annealing
temperature and hydrothermally grown structures.is found to-be a key factor on the
alternation in morphology of the-synthesized produets.

Secondly, the effect of the seeding films deposited at different coating times on
the growth 'of GFZO nanorods during hydrothermal synthesis was- scrutinized. The
changes in diameter and density of hydrothermally grown ZnO nanorods were observed
and analyzed. The growth-rate of GFZQ 'nanorods has-a strong relationship with the
intensity of the (002) orientation. The morphology of GFZO nanorods is strongly
influenced by thethickness of the seed layer and- corresponding crystal size. ZnO
seeding layer thickness with ten times of coating exhibited the highest growth rate GFZO
nanorods because it possessed the appropriate crystal size-of the seed layer. In addition,
the crystallinity of GFZO nanorods was.also-highly related to the thickness and crystal

size of ZnO seed layer.
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Thirdly, the effect of UV-Ozone treatment on ZnO seeding layer for Ga/F co-
doped ZnO nanostructures was examined. The good surface wettability of ZnO seeding
layer can be achieved by using UV-Ozone treatment times for 20 min. Overall results
indicated high hydrophilicity feature on modified ZnO seeding layer especially
improvement in strong Zn-OH bonding on the surface and cleaning surface
morphologies which produces a uniform, highest density and high crystallinity growth of
GFZO nanostructures confirmed by contact angle, XRD and FE-SEM results.

Finally, the effect of different tilted-angle for growth Ga/F co-doped ZnO
nanostructures was studied. The correspending XRD._and SEM results suggested that
well-defined GFZO nanostructures could be obtained«by. this synthesis technique
accompanying assistance of dopant atoms incorporated into.ZnO materials and the
seeding layer placed at different tilted-angle. Possible reactions and mechanisms for the
formation of the rods during-hydrothermal process are suggested. The absorption edge
was found to be blue shifted corresponding to the increase of strain in the nanorods
caused by the placement of seeding layer at different tilted-angle. The shape, density,
alignment, ‘and orientation of the nanorods can be changed by the tilted-angle of
substrate placement. The physical structure and size'of GFZO nanorods are steady with
diameter rang.of 78-196 nm.and length rang of 475 1910 nm, respectively. XRD, SEM
and UV-Vis results acknowledged that the seeding layer placed at different tilted-angle
had significant effect on the morphological properties, crystallization and optical
properties of GFZQ nanorods. The corresponding PL spectra of the GFZO nanorods are
composed of UV emission bands and yellow-orange emission bands. The UV emission
bands are naturally related to.the near band edge emissionfrom the direct band gap of
ZnO. The yellow-orange emission has-been suggested to emanate from radiative de-
excitation from the conduction band to deep level states attributed to doubly ionized
oxygen vacancies (Vo) states (Vo ™). Moreover, the intensity of UV emission bands and
broad yellow-orange emission band change when the samples were doped by Ga and F,
confirming that the Ga and F substitutions in zinc interstitial (Zn;) and oxygen vacancies

(Vo) the ZnO structures.
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In this work, the effect of anglé-dependent substrate placement on structural property and morphology of Ga/F
co-doped Zn0O nanostructures was investigated: The Ga/F co-doped ZnO (GFZ0) nancstructures were grown on
substrates with ZnO seeding layer placed at different tilted-angle by a hydrothermal process using Zn(NOy)a,
NH.F, GaNyOg for Zn, F and Ga sources and hexamethylenetetramine as sol stabilizer, The Zn0 seeding layer
was pré-deposited on glass substrates by dip-eoating, The GFZO nanostructures were grown on ZnO substrate

at different tilted-angles from 0° lo 180° with respect to horizon. The effectsof tilted angle of placed substrate on
morphologies and structurnl properties were investigated by X-ray diffmetion (XRD), X-ray photoelectron
spectrascopy (XPS), sauning electron microscope (SEM), and UV-Vis spectroscopy. The results indicate that
this growth parameter has a vital role on preferable growth direction, morpha ogical structure and shape of the
as-synthesized nanostructure produets,

1. Introduction

It is acknowledged that nanotechnology requires specific synthesis
of desired shape and size of nanomaterials for their appropriate
applications. Surfactants have been recognized to be one of the effective
shape directing agents in nanomaterial synthesis, which has been
typically correlated to the surface adsorption of surface active mole-
cules on different crystal planes of nucleating centers, thus controling
their structures and shapes. Different kinds of surfactants have been
used for shape-controlled synthesis of nanomaterials, while ionic
surfactants have demonstrated clear shape directing effects [1],
Recently, zinc oxide (Zn0)-based nanostructures have received great
attention owing to its unique characteristics as transparent conducting
oxide (TCO) thin films with potential applications in various optoelec-
tronic devices. ZnO-based thin films possess many advantages such as
low material cost, non-toxicity, and high chemical stability, in compar-
ison to tin-doped indium oxide (ITO). Zn0O is typically an n-type
compound semiconductor with a wide band gap (E,~3.2-3.4 ¢V at
300 K) with a large exciton binding energy (60 meV) [2]. Furthermore,
electrical and optical properties of ZnO can be further enhanced by
suitable doping with either metal or non-metal elements. Much more
interest has been focused on ZnO-based TCOs such as undoped ZnO
nanowire [3], Al-doped ZnO (AZO) nanostructures [4] F-doped Zn0O
(FZ0) thin films [5], and Ga-doped ZnO (GZO) nanorods [6]. As

metallic dopant atoms in group IIL are incorporated into ZnO, they
preferably replace the Zn host atoms that are able to provide extra free
electrons leading to conductivity enhancement or better carrier mobi-
lity. Among the metal dopants, Ga appears to be a promising element
due 1o its close ionic mdius (0.62.A) and covalent radius (1.26 &) to
those of Zn (0.74 and 1.34 A, respectively) [7]. Moreover, fluorine with
the ionic radius of 0.117 nm which is very close to that of oxygen
(0.122 nm) may be a suitable anion doping candidate at oxygen site in
ZnO matrix. Although, several methods have been used to growth Zn0O
nanostructures, hydrothermal growth technique is still one of dom-
inating processes due to its considernble advantages including low
temperature processing, low cost, ease of apparatus set-up, and
environmental friendliness. With exceptional shapes and structures
obtained hy specific hydrothermal growth conditions, 1D ZnO nanos-
tructures can be used for wide variety of applications, induding
ultraviolet light-emitting devices [8], chemical sensors 9], solar cells
[10], water splitting {11}, and ultraviolet detector devices [12]. During
growth, the density distribution of the nanorods at different position of
the substrate in the hydrothermal chamber is generally affected by the
transfer of physieal momentum and kinetic energy from the incident
ions tothe surface atoms. Therefore, the morphology and orientation of
the nanorods can be strongly influenced by the grown atoms impinging
onto the substrate with different incident angles. In this work, a
systematic way in the influence of angle-dependent substrate place-
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ment during hydrothermal growth on structural properties and
morphologies of Ga/F co-doped ZnO nanostructures is investigated.
The angle-dependent substrate placement has been found to be one of
the key factors that can control the density, length and shape of the
hydrothermally grown Ga/F co-doped Zn0 nanostructures.

2. Material and methods

Ga/F co-doped ZnO (GFZ0) nanostructures were synthesized by
hydrothermal process. First, glass substrates were consecutively
washed by delonized water, ethanol and acetone in an ulirasonic
cleaner, respectively. The precursor solution used for dip coating was
prepared by dissolution of zine acetate dihydrate (Za(Ac)» 2H.0) and
diethanolamine (DEA) in absolute ethanol and stirred until the
solution became dear. The seeding solution was dip-coated onto the
cleaned glass substrates followed by a 15 min-annealing step on a hot-
plate at 100 °C, after each coating. The coating step was repeated for 10
times. After that, the coated films were annealed in a furnace at 500 *C
for 2h to form ZnO seeding film layers. A solution for the growth of
Ga/F co-doped Zn0 nanostructures was prepared by adding 100 mL of
0.05 M zine nitrate hexahydrate (Zn(NO3)2-6H,0), ammonium fluor-
ide (NH,F) as a F doping source, gallium (111) nitrate hydrate (GaN304)
as a Ga doping source, and hexamethylenetetramine (HMTA) into
50 mL deionized water. The examined concentration of galtium (1)
nitrate hydrate and ammenium fluoride was controlled at 5% and 3%,
respectively (designated as 5G3FZ20). The Ga/F co-doped Zn0) (GFZ0)
nanostructures were grown on substrates with ¥n0 seeding layer
placed at different tilted-angle and dipped into the prepared solution
then loaded into a Teflon autoclave for the hydrothermal synthesis
operating at 90-°C for 2 h, Finally, the obtained white solid product was
separated from the solution by sonication and was washed with
distillad water then was finally dried at 100 °C for 24 h. The morphol-
ogies of as-prepared samples were observed by FE-SEM (Hitachi S-
4700). EDS (Bruker AXS Quanta 4010) was employed for confirming
the existences of fluorine and gallium contents in the sauples, mean-
while the crystal structures of all samples were characterized by XRI
(Bruker D8 discover diffractometer). Optical transmittance (T) mea-
surement was carried out using a spectrophotometer (Thermo electran
corporation).  XPS. measurement  was carried  out  using
PHI5000VersaProbll@Ulvac PHI, Tne, JAPAN at Beamline 5 XPS
measurement was carried out at the beamline 5 of the Synchrotron
Light Research Institute (SLR1), Nakhon Ratchasima, ‘Thailand.

3. Results and discussion

The formation of Zn0 nanostructures are possibly proceeded via
following mechanisms accompanying corresponding Eqs. {(1)=(5):
Firstly, Zn(NO4)z precursor is dissolved and provides zine ions as
noticed in Eq. (1l Ammonia molecules (NHi:) and hydroxide
ions{OH-) provided by HMTA following Egs. (2) and (3) that are
abundant in the mixed aqueous sokition can react with zinc ions to
initially create Zn(OH): as expressed in ¥q. (4). This intermediate
product can be further dissolved by reacting with superfluoas OH- ions
and Zn(OH),™" solution is consequently achieved following ¥q. (5). In
the hydrothermal provess, the Zn(OH),*" would proceed the dehydra-
tion process via Eq. (0} to transform into Zn0 nuclei simultaneously.
Under extreme hydrothermal conditions, these Zn0 nudei could be
self-assembled to form the rod-like nanostructures along a preferred
axis orientation depending upon growth conditions:

Za(NO), = Zo™* + 2NO; (1)
CHN + 6H,0 — 6HCHO + 4NH, (2)
NH,+ H,0 < NH, + OH" (&)
7o't + 207 — ZniOH),| “)
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Fig. 1 XRD pattornd of GFZO nancstroetares with tha Zn0 seoding layer placed at
different tilted-angle.

Zn{OH)+ 200 — Zn(OH 1L &)

ZoiOHY,™ = Zn0 + H,0+ 20H . 6)

The XRD patterns of Ga/F co-doped Zn0) nanostructures with the
ZnQ seeding layer placed at different tilted-angle are shown in Fig, 1. A
broad XRD pattern appeared in all samples in the low 20 region
ranging from 20° to 40° ascribes to a typical diffraction pattern of a
glass substrate, ‘Three strong diffraction peaks are observed at 26
ranging from 30° to 40°, which can be well indexed as wurtzite ZnQ
erystal structure (JCPDS eard No. 36=1451). The diffraction peaks of
erystal plane (002) and (101) in 180°, 30° upside-down, 907, 60°upside-
down and 6(*upturned samples are nearly negligible but only the
diffraction peak of crystal plane (100) can only be observed. For the
GFZ0 nanostructures with a substrate-tilt angle of &0° upturned, non-
preferential growing direction is observed accompanying three char-
acteristic peaks of wurtzite ¥n() erystal structure. The deterioration of
the (100) orientation is considered as the result of the enegy
minimization, which means the summation of the surface energy in
the nanorod, the nanored-substrate interface energy and strain energy.
When the substrate tilted angle becomes greater, the diffusion and
collision among the incident species becomes significant at the surface
of the deposited nanorods [13L Energetic deviation of the minimum
vatue for (100) orientation leads to other crystallographic orientation of
the rod growth. The intensity of (100) peak increases to some extent for
the sample incorporated by F: 3%, but decreases gradually for the
samples doped with Ga:5% and co-doped with GGa and F. This variation
of Zn( peak intensity might be due to the incorporation of Ga and F in
the interstitial sites of ZnQ lattice. Based on the variation of the XRD
patterns, it could be deduced that the crytallinity and texture of
nanorods are influenced significantly by the substrate tilt angle in the
deposition process.

Iig. 2 shows the FE-SEM images of GFZO nanostructures with the
Zn0 seeding layer placed at different tilted-angle and cross sectional
view of all samples. It is clearly observed that all samples are hexagonal
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Fig. 2. FE-SEM micrograph of GFZO nanostructures with the ZnO seeding layer placed at different tikted-angles, (180%(a-c), 30*upside-down(d-f), 90°(g-), 60Pupside-down(j-1),
30"upturned{ m-0) and60 upturned(p-r)).
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Fig. 3. Average diameter and length of GFZO nanostructures with the Zn0 seeding layer
placed at different tilted-angles, (180°(S1), 30"upside-down (82), 90° (83), 60°upside-
down (84), 30*uptumned (55) and60" upturned (86)).

in rod-shape and well-grown on the ZnO seed layers. The effects of
tilted-angle of substrate placement on the rod size can be dearly seen
in Fig. 2. From top images, The average diameter of the GFZO
nanorods ranges from 90 nm, 89 nm, 78 nm, 89nm, 19 nm and
125 nm for 180°, 30°upside-down, 90°, 60°upside-down, 30Pupturned
and 60°upturned samples, respectively. From cross-sectional FE-SEM
images, The average length of the GFZO nanorods is found to be
approximately 741nm, 1185nm, 475nm, 758nm, 802 nm and
1910 nm with 180° 30°upside-down, 90° 60°upside-down, 30°up-
turned and 60°upturned samples, respectively (shown in Fig. 3). Based
on previous report, it had been reported that the ZnO crystalline size
was also strongly dependent on tilted-angle of substrate. The rate of
nanorods growth may be infl ed by the pla tand tilt-angle of
substrate during crystal growth [13]. In fact, the growth rate, crystal
features and the preferential in-plane alignment are influenced by the
substrate tilt angle. The variation of structural strain due to lattice
mismatch between seeding laver of substrate aligned at different tilt
angle and the grown rods could arise during hydrothermal growth
process. This strain may induce the growth with preferential direction
with less strain and inhibit the crystal growth in some directions
resulting in the difference in rod shape and size. Moreover, the
difference of tilt angle may cause the change in deposited growth flux.
The seeding cluster with less structural defect and strain could capture
greater deposition flux leading the better nucleation of the grown
species on the layer [4]. In addition, the Ga and F dopant also affects
the orientation, size, and length of ZnO nanorods [10,11]. The optical
transmittance spectra of GFZ0 nanostructures with the ZnO seeding
layer placed at different tilted-angle are ‘exhibited -in Fig. 4. All
transmission spectra of GFZO nanorods indicate sharp. absorption
edge in visible range suggesting good quality of GFZO nanorods grown
by hydrothermal process. Absorption edge of GFZO nanorods with
higher substrate tilt angles of 180°, 30°upside-down, 90° and 60°up-
side-down shows a significant blue shift to the region of high photon
energy. The blue shift of the bandgap energy is considered to be
mainly related to the increase of strain in the nanorods induced by
defects. Although the increases of the band-gap energy with the
increasing tensile strain correlates well with the relation between the
nanorod stress and band-gap energy, this empirical relation does not
agree with the simulation results of density functional theory based on
the bulk ZnO [13]. When the substrate tilt angle becomes relatively
high, the increasing strain in ZnO nanocrystal is possibly caused by the
good crystallinity with a polyerystalline structure. The GFZO nanorods
are nearly transparent in the visible region with more than 60%
transparency within 380 nm to 600 nm. The incorporation of Ga and
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Fig. 5. EDS spectra of 5G3FZ0 manostructure.

F dopants is confirmed by the EDS results (Fig. 5). The table inserted in
the figure (inset) shows the contents of existing elements in the Ga/F
codoped Zn0 nanostructure detected by EDS. The elemental content of
the marked area is as follows: Zn = 54.393 wt%, O = 18.612 wt%, F =
0.243 wt% and Ga = 3.407wt%, It is deduced that Ga and F were
incorporated into the nanostructures via the hydrothermal process. In
the EDS spectrum, numerous well-defined peaks for Zn, O, Ga, and F
clearly indicate that the GFZO nanorods are made of Zn, O, Ga and F.
No other peaks related to impurities' were detected in the spectrum
further confirming that the synthesized nanorods are Ga/F co-doped
ZnQ.

The chemical states of the elements in Ga/F doped ZnO nanos-
tructures were evaluated from XPS measurement. Fig. 6 shows their
XPS spectra and Gaussian-resolved components of 0, Zn and Ga for
the Ga/F doped ZnO nanostructures with the exception of F element.
The bonding states of 0-1s spectra in bare ZnO sample (assigned as
Zn0-01s) are resolved into two peaks centered at 530.25 eV (O) and
531.74 eV (Op). The bonding states of O 1s spectra in Ga-doped ZnO
(GZ0) sample (designated as GZ0-O 1 s) are resolved into two peaks
situated at 530.02 eV (O;) and 531.64 eV (Oy,) while the bonding states
of O 1s spectra in F-doped ZnO (FZ0) sample (ascribed as FZ0-01s)
are resolved into two peaks positioned at 529.86 eV (0,) and 531.51 eV
(On). The O; peak is owing to Zn-O bonds while the Oy peak is
associated with O™ ion in oxygen deficient regions within the ZnO
matrix [14]. The electronic states of Zn 2p;/» and Zn 2p, » are found at
1021.35 eV and 1044.43 eV for bare Zn0, 1021.27 eV and 1044.34 eV
for GZO and 1020.88 eV and 1043.96 eV for FZO sample. Both O 1s
and Zn 2p peaks exhibit slight shift in binding energies with Ga and F
dopants. This feature implies that the chemical bonding of both Zn and
O is altered after Ga and F incorporation into ZnO matrix due to the
change of net charge transfer of Zn to O and valence dectron density
between Zn and O caused by the dopants. [15]. The Ga 2p XPS spectra
shows two peaks positioned at 1117.69 ¢V and 1144.58 eV, which
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Fig. 6. XPS specira of the elements in Ga/F doped ZnO nanostrudures,

correspond to electronic states of Ga 2py/» and Ga 2p, . respectively.
This result confirms the existence of Ga dopant in GZO sample.

4, Conclusions

In summary, Ga/F codoped ZnO nanostructures were successfully
prepared by hydrothermal process. The corresponding XRD and SEM
results suggested that well-defined GFZO nanostructures could be
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Growth and Characterization of Ga/F Co-Doped ZnO
Nanorods/Nanodisks via Hydrothermal Process
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Ga/F co-doped ZnO nanorods/nanodisks (GFZO) were synthesized using a hydrothermal process
by varying the Ga doping fevels (1-5 wi.%) and F doping fevels (1-5 wt.%). Zinc nitrate, gal-
lium nitrate hydrate and -ammonium fluoride were chosen as starfing precursors for Zn, Ga and
F sources, respectively- Tha nanorod growth was initiated by zinc oxide seeding fim fabricated
by spin coating on glass substrata. using zinc acetate precursor-and annealed at 500 *C for 2 h.
Effect ot different dopant concentrations an morphologies, structural, and optical properties of the
samples ware investigated by X-ray diffraction (XRD), scanning electron microscope (SEM) and
photoluminescenca spectroscopy (PL), respectively. The resulis of Ga/F codoped ZnO (GFZ0) were
compared 1o the single doped spacimens including Ga:ZnO (GZO) and F:ZnO (FZO) samples, and
bare Zn0 sample. The results suggest that content of cither Ga or F dopant has high influence on
relevant properties of as-synthesized nanorods/nanodisks.

Keywords: GFZO, Nanorods, Nanodisks, Hydrothermel Procass.

1. INTRODUCTION

Indium tin oxide (ITO) hus been extensively employed for
transparent conducting oxide (TCO) material in widerange
of oploelectronic devices such as laser diodes. solar
cells, transparent thin film  transistors and optical detec-
tors because of its high electrical conductivity and high
optical transperency.’ However, ITO is rather expensive
and In source is not readily available in_nature. Recently,
zinc oxide (ZnO) has attracted much attention as a promis-
ing alternative TCO malerial owing o its low cost,
non-toxicity, relatively low deposition temperature and
comparable optical and electrical properties to ITO. Zn0 is
typically an n-type compound semiconductor with a wide
band gap (E, ~ 3.2-34 eV al 300 K) with large exciton
binding energy (60 meV). The electrical and optical prop-
erties of ZnO can be faverably enhanced by appropriate
doping with either metal or non-metal elements. 1t is well
recognized that the metal elements from group II1 includ-
ing Al, Ga and In have been considered as suitable dopants
to adjust both electrical and optical properties of ZnO.”
When metal dopant atoms are incorporated into ZnO, they
preferably replace the Zn host atoms. which can gener-
ate extra free electrons resulting in high conductivity or

*Author to whom correspondence should be addressed.
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better carrier mobility in ZnO. Among the metal dopants,
Ga appears to be a promising element due to its similar
ionic radius (0:62 Ayand covalent radins{1.26 A) to those
of Zn {074 and 1.34 A, respectively). In case of non-
metal dopant. fluerine is one of the mast proper elements
widely ufilized as a dopant in varieties of host materials
including ZnO due to its ionic radius (131 A), which is
close o that-of oxygen anion (1.38 A)* In contrast to
many studies on ZpO doped with cation dopants such as
Al or Ga_only few investigations carried out with fluo-
rine_as an anion dopant have been found in literatures.
Ghosh and colleague* reported the self-seeded growth and
uliraviolet photo response properties of Zn(O nanowire
(NW) arrays on glass substrates prepared by solvothermal
method using two different sol concentrations. The forma-
tion of hexagonal-shaped NWs with diameter of 20-60 nm
on the seed layer for 0.1 M sol and mostly of trapezoidal-
shaped NWs with base width of 135 nm on the seed layer
for 0.03 M sol have been explained considering the longi-
tudinal and transversal growths of Zn(» NW's. Hussain and
group® developed surfactant dependent growth of twinned
Zn0O nanodisks using a controlled hydrothermal method
with the assistance of double surfactants. The morpholo-
gies showed wurtzite structure of ZnO with numerous
alternating planes which were composed of (*~ and Zn**

1533 48RV201 6161 2962005 dai: 101166500 201613666
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ions tetrahedrally coordinated along the c-axis. Yousefi
and colleague® gave the report on the effect of indium
concentration on morphologies and optical properties of
In-doped Zn0O nanostructures with different indium con-
centrations grown by thermal evaporation method. The
In-doped ZnO nanostructures with low concentration of
indium exhibited a javelin shape. while the In-doped ZnO
nanostructures with a high concentration of indium showed
a flake shape. Zhang et al.” synthesized high (up to
20 mol%)Ga-doped Zn0O (GZ0) nanopowders by sol-gel
combustion method. The results exhibited that Ga** ions
were successfully doped into ZnO, and all GZO samples
were of a single phase and had the same wurtzite structure
as pure ZnO. Moreover. the crystal growth rate of ZnO
was suppressed by the presence of Ga, and the crystal-
lite size of ZnO could be reduced to be around 5.7 nm at
the presence of 20 mol%Ga. Hong et al.* represented that
the growth of oriented ZnO nanorods can be controlled hy
hydrothermal method. The concentration of gallinm. which
was doped into ZaO seed layers prior to-ZaQ nanorod
chemical growth was a key factor for controlling its grain
size. Up to now, a number of reports have claimed that
Zn0O nanostructures could able to synthesize by various
growth techniques such as co-precipitation pmcess” sol-
gel process' and hydrothermal process.'! Among these
techniques. hydrothermal process is considered to be one
of the versatile methods for synthesizing various kinds of
nanostructures. The advantages of hydrothermal method
include lower temperature requirement, lower cost, and
ease of method and processes,

In this _report, the effort was carried out on the syn-
thesis of Ga and F co-doped ZnO nanorods/nanodisks
by hydrothermal process, The effects of Ga and F
doped on crucial propemties of the nanorod and nano-
disks were investigated by X-ray diffraction (XRD)}, scan-
ning electron microscope (SEM) and photaluminescence
spectroscopy (PL).

2. EXPERIMENTAL DETAILS

GaF codoped ZnO (GFZO) nanorodsininodisks were
synthesized by hydrothermal process. First, ‘glass sub-
strates were consecutively washed by deionized water,
ethanol and acetone in an ultrasonic cleaner. The precur-
sor solution used for dip-coating was prepared by dis-
solution of zinc acetate dihydmte (Zn(Ac), - 2H,0) and
diethanolamine (DEA) in absolute ethagol under stirring
until the solution became clear. The seeding layer was
deposited onto the cleaned glass substrates by conventional
dip-coating. After that, the coated films were annealed in
a furnace at 500 =C for 2 h to form ZnO seeding film
layer. The precursor for growth of Ga/F codoped ZnQ
nanorods/nanodisks was prepared by adding 0.05 M zinc
nitrate hexahydrate (Zn(NO;); - 6H,0). ammonium fluo-
ride (NH,F) designated as F doping source, gallium(III)
nitrate hydrate (GaN,0,) determined as Ga doping source

J. Nanosci. Nanotechnol. 16, 12062-12066, 2016

and hexamethylenetetramine (HMTA) into 50 mL deion-
ized water. The examined concentrations of gallium(IIT)
nitrate hydrate were: 1%, 3%, and 5% (designated as
1GZ0, 3GZO and 5GZO, respectively). The ZnO-seeded
substrates were dipped into the prepared solution loaded
in a Teflon autoclave for hydrothermal synthesis operating
at 90 *C for 2 h. Finally, the obtained white solid product
‘was separated from the solution by centrifugation, washed
with distilled water and dried at 100 *C for 24 h. The same
procedure was used to prepare the samples with different
dopant amounts (1%, 3% and 5%) of F-doped ZnO (desig-
nated as 1FZ0, 3FZ0 and 5FZ0. respectively) and another
Ga/F co-doped ZnO were Ga: 1%, 3%, and 5%. F: 3%
(designated as 1G3FZO, 3G3FZO and 5G3FZO0, respec-
tively ). The morphologies of as-prepared samples were
observed by SEM (ZEISS EVO MAI0). EDS (Bruker
AXS Quantax 4010) was employed for confirming exis-
tence of fluorine and gallium contents in the samples,
meanwhile the crystal structures of all samples were char-
acterized by XRD.(X'Pert PRQ). The photoluminescence
{Agilent Technologies) emission spectra of the samples
deposited al various Ga and F concentrations were col-
lecied at poom lemperature,

3..RESULTS AND DISCUSSION

The XRD - pattems  of GaF co-doped ZnO
nanorods/nanodisks on the ZnO seeding film layer are
shown in Figure 1. Three strong diffraction peaks are
observed at 26 ranging from 30° to 40°, which can be
nicely indexed as wurizite ZnO crystal structure (JCPDS
card No. 36-1451). The diffraction peaks of crystal plane
{002) and (101)in SFZO, SGZO and 3G3FZO samples are
nearly negligible bul only the diffraction peak of crystal
plane (100) can be observed. The inteasity of (100) peak
increases to some extent for the sample incorporated by F:

&0 48 50 &8 80
2 Theta (degree)

Figure I. XRD patterns of Zn0, 5GZO, SFZ0 and 5G3FZ0
nanorods/nanodisks with the different Ga and F contents.

f!] § g 5G3FZ0
Bt g o Manid
)\ { 5GZ0
3 T O P rsmoand
/= -
E g 5F20
= |
w\-m__ -
Zno
MmJWL.._..___,ﬁ: ——
T T Y

12963

96



Growth and Charactenzation of Ga/F Co-Doped Zn0) Nanorods/Nanodisks via Hydrothermal Process

Chongsni ef al.

5%, but decreases gradually for the samples doped with
Ga:5% and co-doped with Ga and E. This variation of ZnO
peak intensity might be due to the incorporation of Ga
and F in the interstitial sites of ZnO lattice. The growth
processes of ZnO crystallites are possibly proceeded via
following mechanisms and comresponding Egs. (1)46):"*
Firstly, Zn(NO,), precursor is dissolved and provides zinc
ions as noliced in Eq. (1). Ammonia molecules (NH,)
and hydroxide ions (OH-) provided by HMTA following
Egs. (2)—3) that is abundant in the mixed aqueous solution
can react with zinc ions to from Zn(OH), via Eg. (4). This
intermediate product can be further dissolved by reacting
with superfluous OH- ions and Zn(OH);~ solution is con-
sequently achieved following Eq. (5). In the hydrothermal
process, the Zn(OH); would proceed the dehydration
process via Eq. (6) to transform into ZnO nuclei simul-
taneously. Under extreme hydrothermal conditions, these
Zn0 nuclei could he self-assembled to form the rod-like
nanostructures along a preferred axis onéntation:

Zn(NO,), — Zn** + 2NO; )

C 2N, + 6H,0 <) 6HCHO £ 4NH, 2)
NH, £ H,0 «+NH,+ OH 3)
Zn'* 4+ 200 - ZniQH), | 14)
Zn(OH), + 200" ~+ ZofOH); (&3}
Zo(OH)} | — Zn0+H,0 + 204 (6}

The full-width at half-maximum (8) of the main diffrac-
tion peak {100) was used to calculate the crystallite size
of the samples follewing Scherrer's Eq. (7)

0.92

y Bcoss N

where @ is the diffraction angle, and A is 1,54 A of the
Cu K, line. The crystallite size of ZaO, SGZO. SFZ0 and
SG3FZO are in the range of 50-140 nm. From Figure 1,
it can be seen that all nanorods/nanodisks have the hexag:
onal shape, suggesting ZaO nanorodsfanodisks in all the
samples grow aloag the (100) direction. This may origi-
nate from the fact that ZnO crystal growth- are inhibited
in other directions, while the (100) direction. is prefer-
able and has the fastest growth rate. However, incorparated
dopants may also preatly affect the growth rate of ZnO
nanorods/nanodisks along this direction by modifying its
surface energies."”

Figure 2 shows the SEM images of ZnO, GZO, FZ0
and GFZO nanorods/nanodisks with differeat Ga and F
contents and cross sectional view of 5G3FZO samples.
The effects of Ga and F doping concentration on grain
size can be clearly seen in Figure 2. Undoped ZnO, 1FZ0,
SGZO, 1G3FZ0O and 3G3FZO exhibit a granular struc-
ture. However, the particle size is significantly depen-
dent on the Ga and F doping concentration. The undoped

12964

Figure 2. SEM micrograph of Za0. SGZ0."SFZ0 aed SGIFZO
nancrpds/nanadesks with e different Ga and F contents and cross soc
tional view of SG3FZ0 manomds

Zn() 'has large particle size while increasing Ga dop-
ing concentration can induce the geduction in particle
size; -Based ‘on previous repon, the ZnQ ¢rystalline size
was “also strongly dependent on the Ga and F dopant
concentration. ' The 3FZ0 and SFZO grown on ZnO seed-
ing layer exhibit slightly poorer vertical alignment. All
the nanorods are hexagonal and well-grown on the ZnO
seed layers. The F dopant strongly affects the orienta-
tion, size, and length of ZnQ nanorods. However, the
nanorod size shows significant decrease with increasing
doping concentration: The smaller size of FZ0O nanorods
grown-on ZnO séeding film may results from the decrease
in the F concentration. SEM image in Figure 2(a) illus-
trates that hydrothermally grown ZnO forms uniform rods
in large area with an average length of ~250 nm (cross-
view not shown) and diameter of ~80 nm. Moreover,
nanodisk morphology could be observed in the samples
doped with Ga. All nanodisks are hexagonal in shape
and well-grown on the ZnO seed layers. The Ga dopant
strongly affects the orentation and size of ZnO nanodisk,

J. Nanosci. Nanotechnoi. 16, 12062-12065, 2016
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especially its size which decreases with increasing doping
concentration as observed in Figure 2(b). Meanwhile. the
GFZO samples have flat hexagonal crystallographic planes
indicating that the ZnO nanorods are hexagonal in crys-
tal structure. In addition, cross-sectional SEM image of
the nanorods arrays as noticed in Figure 2(c) reveals that
sizes of nanorods are in the range of 190-210 nm and
length of about 1 um. This feature could be attributed
to the rapid vertical growth rate of nanorod/nanodisk and
its limited growth along the lateral direction. The rate of
nanorod/nanodisk prowth may greatly depend on the prop-
erty of seed substrate layer and type of dopanis. The
prain sites of seed layers typically serve as nucleation
sites for nanorod/nanodisk growth, and the roughness of
these grain sites has an important function in the initial
growth. Smaller nucleation size and smooth seed layer sur-
face are possibly favorable for nanorod/nanodisk forma-
tion. In addition, Ga/F codoped into ZaQ could induce
the growth of smaller grains with an increase in num-
ber of prains per unil area. Al higher nucleation densi-
ties, lateral growth is effectively suppressed, which results
in rods with smaller sizes. For_red/disk growth, Zn’*
ions may diffuse into the growth site and create bonds
with @7 jons. A Jower nucleation size requires a smaller
number of diffused Zn** jon and less bonding forma-
lion to create rods. These conditions may result in a
higher nanorod/nanodisk. growth rate and create mixed
mofphologies of Ga/F codoped ZnO nanorod/nanodisk *
The doped concentration and exislence of relevant ale-
ments in 3G3FZ0 was measured by EDS and correspond-
ing result is shown in Figure 3. The table inserted in the
figure (inset) shows the contentsof existing elements in the
Ga/F codoped ZnO nanostructure detected by EDS. The
elemental content of the marked area is as follows: Zn =
73.595 wt.%, 0 = 14038 wL.%, F = 0068 wL% and Ga =
10.810 wi.%. It is deduced that Ga and F were incorpo-
rated into the nanostructures via the hydrothermal process.
Photoluminescence spectroscopy is a powerful technique
for investigating the effect of impurity doping on optical
properties of host material. Figure 4 shows the room tem-
perature PL spectra of the undoped Zn0 and Ga/F codoped
Zn0 nanorod/nanodisk. The PL spectra of undoped ZnO
and Ga/F codoped Zn0 exhibil strong peak in the ultravio-
let region (378 nm) and a violel emission peak in the visible

Figure 3. EDS spectra of 5G3FZ0 nanostructure

J Nanosci. Nanotechnol. 16, 12962-12066, 2016
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Figure 4. - The soom iemperatiré photoluminescence spectra of pure
Zn0 and GFZ0 da/nanodssks with the ddfferent Gaand F contents.

region at around 421 nm. The prominent UV emission,
which strongly relates to the erystallite quality of ZnO,
is contributed by the conduction-valence band combina-
tion (~375 nm). shallow donor (~395 nm) while the violet
emission at 421 am is due to the interstitial zinc (Zn,)."
Furthermore, it is observed that the intensily of these peaks
gradually decrease with increasing Ga and F doping con-
centration, In ZnO lattice, Ga and F atoms may substitute
Zn atoms or occupy Zn vacancies resulting in the decrease
of Zn vacancies and reduction of UV and violet emission
intensity. However, doping with suitable amounts of Ga,
F(as seen in SG3FZO sample), the Ga and F atoms may
occupy the Zn vacancies at defect positions and increase
the donor-related defect (such as shallow donor and zinc
interstitial) quantities in Zn() nanorods/nanodisks, leading
to strong UV emissions in the PL spectra.’

4. CONCLUSION

in summary, Ga/F codoped Zn0O nanorods/nanodisks were
successfully synthesized by hydrothermal process. The cor-
responding XRD and SEM results suggest that well-defined
GFZ0 nanorods/nanodisks could be obtained by this syn-
thesis technique. Possible reactions and mechanisms for the
formation of these nanostructures during hydrothermal pro-
cess are suggested. XRD, SEM and PL results illustrated
that Ga and F dopant had significant effect on the morpho-
logical properties, crystallization and optical properties of
GJ/F codoped ZnO nanorods/nanodisks. The nanodisk mor-
phology was obtained in sample with 1 wL% Ga doping
content while nanorod structure was achieved in 5 wiL.%
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FZO. Moreover, the co-doped samples have flat hexagonal
crystallographic planes indicating that the ZnO are hexag-
onal in crystal structure,
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In this work, effects of annealing temperature of seeding layer on structural properties and mor-
phologies of Ga/F co-doped ZnO nanostructures synthesized by hydrothermal process were inves-
tigated by varying the annealing temperature of sead layer as 300-500 °C. The ZnO seading layers
were deposited onto-cleaned glass substrates by dip-coating technique using zinc acetate dehy-
drate (CH,C00),Zn - 2H,0 as starting coating precursar. The Ga/F co-doped ZnO nanostructures
were then grown on these seed layers by conventional hydrothermal process using Zn(NO,),,
NH,F, GaN4O, and hexamethyltetramine as Zn, F_and Ga sources, respectively: Effect of seed
layer annealing temperature on morphologies, structural and Photoluminescence properties was
investigated by X-ray diffraction (XRD), Field emission scanning electron microscepe (FE-SEM),
and Photoluminescence spectra, respectively. Variation of annealing temperature of seed layers
can significantly result to the difference in morphological, structure and shape of tha as-synthesized
nanestructure products. It is found that the increase in annealing temperature leads to alternation
in their shape from vartically-aligned nanosheets to nanorods with their average size ranging from
50 o 200 nm. Furthermore, the luminescence could be ascribed to the different contributions of the
defect emissions, such asthe increase in the oxygen vacancy (Vo) emissionor the decrease of the
Zinc vacancy (V;,). However, it can be speculated from the phatoluminescence that the incorporated
Ga and F substitute into ZnQ.

Keywords: ZnO, Ga/F Co-Doped ZnO, Seed Layar Annealing Temperature, Hydrothermal

“ Department of Applied Physics, Facully of Science and Technology, Rajabhat Rajanagarindra University, Chachoengsao 24000, Thailand

Process.

1. INTRODUCTION

Recently, one-dimensional (1D) nanostructures have been
extensively researched because of their high potential in
practical applications in nanoelectronic and optoelectronic
devices. Various techniques have been employed and
developed for synthesizing 1D nanostructures such as ther-
mal chemical vapor deposition,' hydrothermal method,**
metal-organic chemical vapor deposition (MOCVD)* and
electrodeposition.” The hydrothermal methed has become
one of promising routes for the large scale production of
nanomaterials because of its simplicity, ease of equipped
system, fastness, economical and low growth temperature

“Author to whom correspondence should be addressed.
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characteristics.® ZnO nanostructures have been extensively
studied as a key optoelectronic material. Owing to their
uniqueness combined with electrical and optical proper-
ties, ZnO-based malerials have been widely applied for
transparent and flexible device applications such as ultravi-
olet light-emitting devices,” chemical sensors.” solar cells,’
and ultraviolet detector devices.'"” When ZnO is doped
with group 111 (AL'" B Ga' ') or group VII (E'* CI')
clements. the dopants preferably replace the Zn host atoms
that could offer extra free electrons to the system result-
ing in enhancement in electrical conductivity and carrier
mobility."” Among metal dopants, Gallium ion emerges
to be a promising element due to its close ionic radius
(0.62 A) and covalent radius (1.26 A) to those of Zn (0.74

15334880201 8/18/7296/006 doi:10.1166400.2018.15716
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and 1.34 A, respectively)." Furthermore, the ionic radius
of fluorine ion (0.117 nm) is similar to that of oxygen
(0.122 nm)." It is implied that fluorine may be a suitable
anion doping candidate at oxygen site in ZnO matrix.

Various chemical and physical deposition techniques
have recently been used lo deposit ZnO-based thin
films. These mentioned techniques include vapor-liquid—
solid epitaxial deposition, pulsed laser deposition,!
spray pyrolysis.” sol-gel*" and radiofrequency magnetron
sputtering.** Moreover. thin film or seed layer materials
are also crucial factors for the high-quality growth of nano-
structures, It is evident that nanostructure growth assisted
by seeding layer is strongly dependent on the seed layer
and dopants, which play important roles in nucleation
and dissimilar growth of the nanestructures with varying
sizes, densily, geometric shapeand direction of ZnO nano-
structures. Alsultany et al.® reported on the growth of ZnO
nanowires on 1TO seed layer/glass by thermal evaparation
method and effects of 1TO seed layer annealing tempera-
ture on the propertics of the grown-nanowires. The seed
annealing temperature was considered as crucial factor in
the growth of ZnO-NWs and the improvement in the mor-
phological, structural,.and optical propertiés of nanowires
strongly depended on the properties of the seed layer,
where the nucleation process on the substrate depended on
the nucleation sites and the formation of seed particles.
Guo et al.* reported on the hydrothermal synthesis and
conductive properties of Ga-doped ZnO nanostructuges.
The synthesized samples were in nanosheel-like structure
possessing good erystallinity ‘with wurtzile structure and
decreasing. grain size with the increase of Ga content. Tt
was also mentioned that Ga could effectively act-as donor
guest to the ZnO host leading o the lessening in elec-
trical resistivity of the matrix when it was incorporated
by Ga with specific 2% doping content. In our previous
works, effects of crucial process parameters including Ga
and F dopant,*” tilted-angle. of seeding layer™® and seed-
ing layer thickness™ were experimentally conducted and
investigated. The results evidently disclosed that Ga and F
dopants have strong influence nol only-in an alternation of
its morphological properties including shape, size and den-
sity but also in the structural defect-related optical prop-
erties of grown structures, Meanwhile. growth direction
and morphology of the hydrothermally grown structures
were significantly affected by tilted-angle of seeding layer
and seeding layer thickness, It is believed that annealing
temperature would be one of key process factors directly
affecting on the structural properties of seeding layer for
hydrothermal growth of ZnO-based nanostructures.

In this work, we systematically investigate the influence
of seed layer annealing temperature on structural proper-
ties of Ga/F co-doped ZnO (GFZO) nanostructures. The
seed layer annealing temperature has been considered to
be one of the crucial factors that control the morphology,
structures and shape of the hydrothermally grown Ga/F
co-doped ZnO nanostructures.

J. Nanosci. Nanotechnol. 18, 7296-7301, 2018

2. EXPERIMENTAL DETAILS

Ga/F co-doped ZnO (GFZO) nanostructures were synthe-
sized by hydrothermal process. First, glass substrates were
consecutively washed by deionized water, ethanol and ace-
tone in an ultrasonic cleaner. The precursor solution used
for dip coating was prepared by dissolving zinc acelate
dihydrate (Zn(Ac), - 2H,0) and diethanolamine (DEA) in
absolute ethanol and stirred until the solution became clear.
The seeding solution was dip-coated onto the cleaned
glass substrates followed by a 15 min-annealing step on
a hot-plate at 100 °C. after each coating. The coating
step was repeated for 10 times. After that, the coated
films were annealed in a furnace at different tempera-
ture range of 200-500 °C for 2 h to form ZnO seeding
film layer.. A solution for the growth of Ga/F co-doped
Zn0 nanorods/nanodisks was prepared by adding 100 mL
of '0.05 M zinc nitrate hexahydrate (Zn(NO,), - 6H,0).
ammonium-fluoride (NH,F) as a F doping source, gal-
lium (111) nitrate hydrate (GaN,0y) as a Ga doping source,
and hexamethylenetetramine (HMTA) into 50 mL deion-
ized water. The-examined concentrations of gallium (T1T)
nitrate hydrate-and ammonium fluoride was designated a
5% and 3% respectively (referred as 53G3FZ0). The ZnO-
seeded substrates were dipped into the prepared solution
then loaded in a Teflon auloelave for the hydrothermal
synthesis operating at 90 °C for 2 h. The samples were
washed with distilled water and dried at 100 °C for 24 h.
The morphologies of as-prepared samples were observed
by FE-SEM (Hitachi S-4700). EDS (Bruker AXS Quanta
4010) was employed for confirming the existence and con-
tent, of relevant elements in the samples. meanwhile the
crystal structures of all samples were characlerized by
XRD (Bruker D8 discover diffractometer). The photolu-
minescence spectroscopy was conducted to investigate the
defect induced by dopant in the sample.In PL experiment,
helium-cadmium laser with wavelengih of 325 nm was
used-as optical excitation source. The sample was cooled
down from room temperature (RT) to 25 K in a typical
cryostat. The Tuminescence signalfrom the sample was
collected by fiber optic spectrophotometer (Ocean Optics
Inc. USB 4000).

3. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of ZnO seed layers
deposited by- the dip coating process and annealed at
200 °C, 300 °C, 400 °C and 500 °C. For the sam-
ple annealed at 200 °C, no noticeable diffracted peak is
observed, indicating the amorphous phase of the seeding
layer or incompleteness in ZnO compound at this spe-
cific temperature. Diffraction patterns of ZnO began o
appear as the coated layer was annealed at 300 °C. This
feature indicates the change of the seed structure from
amorphous to polycrystalline phase ZnO. Based on previ-
ous work reported by Kim,* the corresponding thermo-
gravimetric (TG) result of zinc acetate dehydrate revealed
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Figure 1.~ XRD patterns of Zn0Q seed layers and FE-SEM-images. of
crosy section for ZnO seed luyes annealed at differcnt temperatures

that the decomposition of acetate groups started when the
annealing temperature elevated 10 220 °C and the forma-
tion of ZnO would initiate beyond this point. The diffrac-
tion peaks became pronounced and distinct as annealing
lemperature was further increased to 400 °C due to the
Zn0O crystallization that normally started beyond 375 °C.3!
The presence of significant peaks along (100), (002) and
(101) are positioned at 26 = 31.8°, 34.5° and 36.2°; respec-
tively. The orientation informed by XRD data of samples
annealed at this temperature range indicates the polyerys-
talline nature of these seed layers thal are well agreeable to
JCPDS Card No. 36-1451. The crystal sizes were derived
from the X-ray diffraction spectra following the Scherrer’s
relation expressed in Eq. (1):
0.9A
Beosd

Where D is the crystallite size of the sample, constant K
(0.9) is the shape factor, A is the X-ray wavelength of
Cu K, (0.154 nm), B is the full-width at half maximum
(FWHM), and € is the Bragg angle. It is obviously noticed

(1

7298

that the crystal size of the seed layer significantly increases
from 12.36 nm (o 26.23 nm as the annealing temperature
increases from 400 °C to 500 °C, respectively. This man-
ner indicates that the crystallinity of the ZnO sced layer
is enhanced with increasing annealing temperature, which
is also confirmed by the FE-SEM images (cross section).
The FE-SEM image exhibits uniformity in grain size dis-
tribution and thickness whose average thickness is approx-
imately 186 nm.

The X-ray diffraction patterns of 5G3FZO nano-
structures grown on ZnO seed layers with different seed
annealing temperatures are shown in Figure 2. The char-
acteristic peaks indicate that SG3FZO nanostructures with
wurtzite structure were successfully fabricated on ZnO
seed layer with different annealing temperatures. Regard-
ing (o the difference in XRD patterns, It is suggested
that seed layer with different annealing temperature has
strong influence on crystallinity and preferred orientation
direction of the grown structure. At annealing temperature
af 200-300-°C, no any characteristic peak of ZnO was
observed, reflecting to-imperfection of crystal growth or
amorphous phase of the product. As the annealing tem-
perature was raised to 400 °C, corresponding XRD pat-
tern indicated the crystal growth of hexagonal wurlzite
Zn0 strueture without preferable growth direction onto the
seeding layer. ‘After the annealing temperature of seeding
layer elevated to 500 °C; the hydrothermally grown struc-
ture_had wurtzite structure with (002) preferable growth
direction, implying the vertically-aligned rod structures of
the product. Moreover, no second phase of impurity was
detected in XRD patiern, suggesting good incorporation of
the dopants in ZnO structure.

In addition. the lattice constant, ¢, of the (002) plane
was evaluated by following equation:

A (2)
C S &
sin
g/ _
g f§ y 500°C
M\‘L—jl | g g
ISR o .
3 I
g M o0
- ey, I
E e LI.J\ I
‘_:" il i
_— 300°C
T 200°C
20 25 a0 a5 40 45 %0 55 00
20 (deg.)

Figure 2. XRD patterns of SG3FZ0 nanostructures grown on ZnO seed
layer annealed at different temperatures of 200-500 °C.
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Table L. Structural properties of 5G3FZO nanostructures on ZnO seed
layer as grown and with different seeds annealing temperature.

Sced layers 20,0;, FWHM c D Strain
annealing temp. (°C) (%) () (A)  (m) £, (%)
400 34.40 0.488 5210 1554 0.0901
500 3446 0.281 5443 2698 0.0945

Another important parameter is the strain &.. along the
c-axis that can be calculated using the following formula.

£ = CC—C x 100 (3)
where C, is 0.5206 nm which represents standard lattice
constant.

The c-axis lengths for SG3FZO nanostructures grown
on ZnO seed layer annealed at 400-500 °C were calcu-
lated using the standard equation for the wurtzite ‘crystal
structure and are given in Table I These results indicate
that, depending on the different seed annealing tempera-
tures, the nanostructures could grow with different values
of c-axis lattice parameter. Since the growth is highly pre-
ferred along ¢-axis and the c-axis parameter changes, the
strain values along the c-axis (&.;) of the seed layer has
been calculated. In typical, strain &., of the seed layer
is considered to'be one crucial factor thal has significant
influence on structural propertics of the grown structures
on the layer as a result of the lattice mismatch between
two materials. However, it has been also demonstrated that
when the ‘erystallite sizes, are ‘small enough, such as at
carly stages of the deposition, film can develop a tensile

3 GFZO:10 times/500°C

BT D

- 3w

stress due to the atom-to-atom attraction forces at the grain
boundaries.

The morphologies of 5G3FZO nanostructures grown on
Zn0 seed layer annealed at 200 °C. 300 °C, 400 °C and
500 °C, measured by FE-SEM are shown in Figure 3. With
increasing seed layer annealing lemperature, the struc-
ture of SG3FZO0 nanodisks has been changed to nanorods
hexagonal-like structure. The diameters and length of
SG3FZO nanorods evaluated from SEM image are found
to be in the range of 50-200 nm and approximately 1 gm,
respectively. The increase in annealing temperature gives
the positive effect of enhancing strain of the ZnO seed
layer which will act as the active nucleation sites during
GFZ0 nanostructures growth.

The formation of ZnO nanostructures during hydrother-
mal process can. possibly proceed via following mecha-
nisms accompanying corresponding Egs. (4)~(9):

Zn(NO,), = Zn** 4 2NO; ()
CeH{3N, + 6H.0 - 6HCHO + 4NH, (5)
NH, 4+ H,0 « NH, 4 OH" (6)
Zn** 4 20H™= Zn(OH). | (7
Zn(OH), +20H_ — Zn(OH)F (8)
Zn(OH);” — ZnO+H,0 +20H" 9)

Al low annealing temperature range-of 200 °C-300 °C,
the seed layer is still in-amorphous phase that would pre-
vent the complete growth of good crystalline structure dur-
ing hydrothermal process. Hydrothermally grown structure

GFZ0:10 times/400°C
Xt R T e

X

4. CFZ0:10times/200°C
AN, {3

Figure 3. FE-SEM images of SG3FZO nanostructures with the different annealing temperature of seed layer as 200-500 °C.
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Figure 4. EDX spectra of 5SG3FZO nanostructure.

drastically changed from icregular structure to vertically-
aligned and side-aligned nanodisks when annealing tem-
perature of seed layer elevated to 400 °C. According to
XRD result of seed layer with annealed temperature, of
400 °C, the dominated diffracted peak is along (101) plane.
Due to lattice matching between-seed layer and grown
structure, this preferential plane of seed layer should a cru-
cial factor that affect-tothe growth direction and shape of
the grown structure. This presumption is supported by the
nanorod structures on the seed layer anngaled at 500 °C
whose preferred orientation is along (002) plane. The con-
centration of OH™ strongly influences the nucleation rate
of Zn0O. The system with high concentration of OH~ and
high chemical potential can induce ZnO nanorod crystal
growth.” On the contrary. because of lower driving force
and chemical potential, it would produce nanodisks. The
crystal growth was affected by doping concentration (Ga
and F). Figure 4 shows the energy dispersive X-ray (EDX)
speetrum of the GFZO panostructures, indicating that these
nanostructures consist of Zn, O, F and Ga. The Ga and F
content of the sample is 4.421% and 0.428%. respectively.

Figure 5(A) shows temperature dependent PL spectra
of SG3FZ0 nanorods grown on ZnO seed fayer annealed
at 500 °C, It ean be observed thal all- PL spectra of
SG3FZO0 nanorod structure held at low temperatures have
similar features including three sharp UV emission band
and a broad yellow-orange emission band, respectively.
The three sharp UV emission bands are naturally related
to the near band edge emission from the direct band
gap of ZnO.* The first peak with shartest wavelength of
~368 nm (measured at 25 K).is correlated to free exci-
ton emission.’® The second dominated peak located at
~375 nm is typically ascribed to the emission of exciton
of bound shallow neutral donor.*® The third peak situated
at ~382 nm with broad shoulder can be attributed to the
donor 1o bound exciton emission.™ It is clearly seen in
Figure 5(A) that there is significant red-shift of major peak
of UV-emission with increasing temperature. The relation-
ship of major PL peak position with respect to temperature
can be explained by the Varshni relation.*' Furthermore,

7300

the broadening of these near band edge emission with
inereasing operating lemperature is also noticed, that is
due to the natural temperature-induced broadening mech-
anism-in_semiconductor. The origination of the yellow-
orange emission band could be associated 10 the position
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Figure 5. (A) Temperature dependent PL spectra of SG3FZ0 nanorods

and (B) PL spectra of Zn0O nanorods and 5G3FZ0 nanorods operated

at 25 K.
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of Ga and F elements within the lattice arrangement.™
Incorporated Ga and F elements can occupy the impurity
sites to form interstitials or inhabit the main lattice sites
lo generate a ternary compound. Probably, Ga and F ele-
ments in the as-grown GFZO would substitute Zn atoms
and O atoms, respectively. For comparison, PL spectra of
bare ZnO and Ga/F co-doped ZnO were carried out at 25 K
and depicted in Figure 5(B). It is obvious that stronger PL
intensity of yellow-orange emission from codoped sample
is observed. This feature implies the greater defect sites in
the lattice of doped sample, reflecting to the good incorpo-
ration of the dopants that induce emission-related intrinsic
defects, such as zinc and oxygen vacancies.

4. CONCLUSION

In summary, Ga/F codoped ZnO nanostructures were fab-
ricated by hydrothermal process onto dip-coated 'ZnO
seeding layer that was annealed at different temperatures
ranging from 200-500 °C. The corresponding XRD and
FE-SEM results suggested that different shapes of nano-
structures of GFZO could be, grown jon the seed layer
annealed at different temperatures. Possible reactions and
mechanisms for the formation of GFZO nanostructures
during hydrothermal process and the influence of sceding
layer annealing temperatuse on the growth mechanism
are suggested. The matehing of preferential orientation
direction between sceding fayer that depends on anneal-
ing temperature and hydrothermally grown structures was
suggested to be a key factor on the alternation in morphol-
ogy of the synthesized products. The corresponding PL
spectra of the GFZO are composed of narrow near band
edge (NBE) emission and yellow-orange defect-related
emission. The yellow-orange PL emission spectra qualita-
tively suggest the existenceand good incorporation of the
dopants into-the ZnO matrix.
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Abstract

The effects of seed layer thickness on structural properties and morphology of Ga/F co-doped ZnO panostructures were
wvestigated in this work. The seed layers with vanous thicknesses were deposited on glass substrates by dip-coating. It is
hypothesized that a certain range of seed layer thiclmess can significantly alter the oufcomes of the morphological structure,
density, and shape of the as-synthesized nasostructure products. The Ga/F co-doped ZnO nanostructures were grown on these
seed layers by a hydrothermal process wsing Zu(NOj),, NH.F, GaN;0; and hexamethyltetramine, The effects of seeding layer
thickness on morphologies and structural properties were investigated by X-ray diffraction (XRD}, scanning electron microscope
(SEM). and UV-Vis spectroscopy. More detailed studies to clarify the seed layer effect on the growth of Ga'F co-doped ZnO
nanostructures are further discussed.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Zine oxide (ZnO) has drawn much attention due to its unique characteristics as transparent conducting oxide (TCO) thin films
with potential applications in various opteelectronic devices. ZnQ thin films present many advantages such as low material cost,
non-toxicify, and high chemical stabilify, in companizon to tin-doped indium oxide (ITO). ZnO is typically an n-type compound
semiconductor with a wide band gap (E,— 3.2-3.4 eV at 300 K) with a farge exciton binding energy (60 meV)[1]. The electrical
and optical properties of ZaO can be considerably enhanced by appropriate doping with either metal or non-metal elements.
Much maore interest has been given to ZnO-based TCOs such as vadoped ZaO thin films. Al-doped ZnO (AZO) thin films[2],
and Ga-doped ZnO(GZO) thin films[3]. When metal dopant atoms are incorporated into ZnO, they preferably replace
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1214-7853 € 2017 Elsevier Ltd. All rights reserved.
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the Zn host atoms that could provide extra free electrons resulting in a high conductivity or better carrier mobility. Among the
metal dopants. Ga appears to be a promising element due to its similar ionic radius (0.624) and covalent radius {1.26 A) to those
of Zn (0.74 and 1.34 A, respectively)[4]. The similar ionic radius would lead to lower lattice distortion, when doping. compared
with Al[5]. and In[6]. Furthermore, the ionic radius of fluorine (0.117 am) is similar to that of exygen (0.122 am)[7], fluorine
may be a suitable anion doping candidate at oxygen site in ZaO matrix. It is well-known that the one-dimensional (1D)
nanostructures have been extensively studied because of their potential applications in nanoelectronic devices. Although several
technologies have been established for the growth of a variety of ZnO nanostructures, hydrothermal growth technique is one of
dominating processes due to their low lemperature processing, low cost. ease of apparatus sef-up, and environmental friendliness.
Therefore. 1D ZnO nanorods can be used for many applications, including ultraviolet Light-emifting devices[8], chemical
sensors[9]. solar cells[10], and ultraviclet detector devices[11]. In this work, we investigate in a systematic way the influence of
seeding layer thickness on the structural properties of Ga/F co-doped ZnO (GFZO) nanostructures. The seed layer thickuess has
been found to be one of the key factors that can control the morphology, density, and shape of the hydrothermally grown Ga/F
co-doped ZnO nanostructures.

1. Experimental procedure

GaF co-doped ZnO (GFZO) nanostructures were synthesized by hydrothermal process. First, glass substrates were
consecutively washed by deionized water, ethanol and acetone in an ultrasonic cleaner. The precursor solution used for dip
coating was prepared by dissolution of zinc acetate dthydrate (Zn(Ac):-2H,0) and diethanolamine (DEA) in absolute ethanof and
stirred until the solution became clear. The seeding solution was dip-coated cnto the cleaned glass substrates followed by als
min-annealing step on a hot-plate at 100°C. after each coating. The coating step was repeated for 5 to 15 times, After that. the
coated films were annealed in a furpace at 500°C for 2 b to form ZnO reeding film layer. A solution for the growth of Ga/F co-
doped ZnO nanorods/nancdisks was prepared by adding 100 ml of 0.05 M zinc nitrate hexahydrate (Za(NQ3), 6H0),
ammonivm fluoride (NH F) as a F doping source, gallimm (II) nitrate hydrate (GaN;O,) as a Ga doping source, and
hexamethylenetetramine (HMTA) into 50 mL deionized water. The examined concentrations of ammonium fluoride and gallium
(D) nitrate hydrate was 3% and 5%, respectively (designated as 5G3FZO). The ZnO-seeded substrates were dipped into the
prepared solution and loaded in a Teflon antoclave for the hydrothermal syathesis operating at 90°C for 2 h. Finally, the obtained
white solid product was separated from the solntion by centrifugation, washed with distilled water and dried at 100°C for 24 h.
The morphologies of as-prepared samples were observed by Fe-SEM (Hitachi $-4700), EDS (Bruker AXS Quanta 4010) was
employed for confirming the existences of fluorine and gallium contents in the samples, meanwhile the crystal structures of all
samples were characterized by XRD (Bruker DS discover diffractometer).

3. Results and discussion

o
M\"}Vi 20:15 imes/500°C
aa S
Mbvt‘ Zn0:10 limes/500°C
- M
g

intensity(a.u.)
{100}

{101}

- Zn0 5 imes/500°C

5 k1) RIS L+ B M
20 {deg.)

Fig. 1. Xnay diffraction patterns of ZnO seed layers grown on glass substrates when the seeding layer solution was dip-coated:
3, 10, and 15 times and annealed at 500°C
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and bigger crystal sizes compared to the ZnO thin film deposited at ten times of coating, which is the main reason for the higher
density of nanorods. Top view and cross-sectional FE-SEM images of GFZO nanorods grown on glass substrates when the
seeding layer solution was dip-coated for 5, 10, and 15 times, and annealed at 500°C are shown in Figure 5. GFZO nanorods
were grown in vertical direction with respect to the surface as hexagonal pillars with a flat facet surface. It is also clear that the
size and orientation of the nanorods are strongly affected by the properties of ZnO seed layers with various thicknesses. The
GFZO nanorods active nucleation sites possess higher density with an increase in the ZnO seed layer thickness with ten times of
coating. The cross-sectional analyses illustrate that the hydrothermally grown GFZO forms uaiform rods in large area with an
average length of 613 nm (for five times of coating) and ~343 nm (for ten times of coating).

GFZO:15 times/500°C

(100)
(002)
(101)

Intensity(a.u )

GFZ0:10 times/500°C

GFZO:5 times/500°C

I e e e e e e
20 (deg )

Fig 4 X-nay diffraction patterns of GFZO nanostructures grown on Zn0 seed layers when the seeding layer solution was dip-coated:
5,10, and 15 times and annealed at 500°C

Fig. 5. FE-SEM micrographs of GFZO nanostructures grown on ZnO seed layers when the seeding layer solution was dip-coated: 5. 10, and 15
times and annealed at 500°C

The Ga and F concentration in ZnO is attnibuted to the interstitial substitution of Ga and F ions in Zn and O sites into ZnO
lattice, respectively, as confirmed by the EDS results. To assess the elemental composition of the synthesized GFZO (contains
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Ga: 5 wie and F: 3 wt?a) nanorods, the EDS analysis was done and the cotresponding result is shown in Fig. 6. In the EDS
spectrum, numerous well-defined peaks for Zn, O, Ga, aud F clearly indicate that the GFZO nanorods are made of Za, O, Ga and
F. No other peaks related to impurities were detected in the spectrum further confirming that the synthesized nanorods are Ga'F
co-doped Zn0O.

10K

500

Fig. 6. EDS spectrum of GFZO nanostuctures grown on ZnO seed layers,

Conclusion

The effects of the seeding films deposited at different coating times on the growth of GFZO nanorods during hydrothermal
synthesis was investigated. The changes in diameter and dessity of hydrothermally giows ZoO nanorods were observed and
analyzed. The growth rate of GFZO nancrods has a strong relationship with the intensity of the (002) orientation. The
morphology of GFZO nanorods is strengly influenced by the thickness of the seed layer and corresponding crystal size. ZnO
seeding layer thickness with ten times of coating exhibited the highest growth rate GFZO nanoreds because it possessed the
appropriate crystal size of the seed layer. In addition. the crystallinity of GFZO nanorods was also strongly related to the
thickness and crystal size of ZnQ seed layer.
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Abstract. In this work, we reported the prepasation of F-doped ZnO nanoparticles by facile
precipitation process using zine nitrate and ammonium fluoride as starting precursors for Zn and F,
respectively dissolved in deionized water. The precursor solution Was prepared at various fluoride
composition ranging from 1-5 wi%. The as-precipitated powders were calcined at different
temperature from 500 °C to 700 °C for 2 h. Effect of calcination temperature and fluoride
concentration on structural, morphologies, optical and electrical properties were investigated by X-
ray diffraction (XRD). scanning electron microscope, (SEM), UV-Vis spectroscopy. respectively.
XRD results indicated the complete formation of hexagonal wurtzite structure of ZnO. SEM
micrographs showed the-agglomeration for each sample that noticeably influenced by fluoride
content,

Introduction

Zine oxide (Zn0) 1s one of potential substituted materials for many -applications in
optoelectronie -devices according to its considerable advantages such as non-toxicity. easy
fabrication and low cost. ZuO has a hexagonal wuitzite structure with the lattice parameters of
5.205 A (c) and 3.249 A (a). wide ditect band gap (E;= 3.2-3.4 ¢V at 300 K). Ligh exciton binding
energy of 60 meV and n-type semiconductor [1]. Recently. elements from group V including Al Ga
and In have been considered proper dopants to adjust its performance both -electrical and optical
properties [2.3]. These doped substances have been synthesized by variouns techniques such as radio
frequency magnetron sputtering [4]: sol=gel process [5] and combustion process [6]. Among these
techniques, co-precipitation process [7] is-one of versatile methods for synthesizing various kinds of
nanoparticles regarding to significant advantages over other methods including cost effectiveness.
high purity. homegeneity and small erystalline size of obtained product. Recently. there have been
correlated works employed the potential of co-precipitationprocess to synthesize nanostructures of
Zn0. In case of non-metal dopant. Fluorine is one of the most proper elements widely utilized as a
dopant in varieties of hostmaterials including ZnO due to its jonic radfus(0.131 nm), which is close
to that of oxygen anion (0.138 nm) {5].

The purpose of this work is to. study the effects of calcination temperature and fluorine
content on physical structures and optical properties of ZnO nanoparticles by XRD. SEM and UV-
Vis spectroscopy. respectively.

Experimental Details

F-doped ZnO (FZO) nanoparticles were synthesized by co-precipitation method. Firtly. zinc
dichloride (ZnCl>), ammonium fluoride (NH4F) were used as starting material and ammonia (NH;)
was use as precipitating agent. The 0.5 M zinc dichloride (ZnCl») and ammonium fluoride (NH,F)
with differently designated F doping contents (1. 3. and 5 wt.%) were dissolved in 100 ml of
deionized water and vigorously mixed by magnetic stirrer at 65°C for 1 h. Ammonia (NHs) was
dropped into the mixed solution while continuous stirring for 1 h, then aged at room temperature for
24 hr. The precipitate was repeatly washed with deionized water in order to eliminate chlorine ions.
After chloride removal, it was slowly dried at 100 °C for 24 h to remove moisture and calcined at
500°C and 700°C for 2 h. The crystallinity of the powders was characterized by XRD (Panalytical

All rights reserved. No part of contents of this fa rm:a be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (ID: 144.122.201.150, iddl:gast Technical University, Cankaya/Ankara, Turkey-23/03/16,06:23:34)
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\ Pert pro MPD) using Cu-K, radiation in the 26 range of 20° to 60° with a scanning rate of 0.02°

! Thermal analyses were carried out by NETZSCH TG 209F3 instrument using A!gO; crucible
and taking equal amount of Al;O; as reference with a heating rate 10 °C/min. The size. shape and
microstructure of particles were observed by SEM (ZEISS EVO MA10). Chemical composition
was mvesneared by energy-dispersive X-ray Spectrophotometer (EDS. Oxford instruments X-
Max™). The optical properties of all samples were executed from their reflectance spectra carried
out by UV-VIS spetrophotometer (UV-3600 Shimadzu).

Results and Discussion

TG%

00150 200 250 300 380 400 A5Q 500 550 600 650 700
Temperature (OC)
Fig. 1 Thermal analysis of as-precipitated product.

Figure 1 shows the thermal analysis curve (TGA) of as-precipitated product with 5 wt.%
Fluoride content ()performed under ambient atmospheric in the temperature range of 100 °C to 700
°C with a heating rate of 10 °C/min. The first weigh loss at about 100 °C to 150 °C is attributed 1o
the evaporation of physically absorbed water on the surface. The next weight loss at 150 °C to 250
°C indicated that the intermediate product of ZuF, may proceed the decomposition. Finally, after
300 °C. fluorine-doped ZnO is completely formed [3]. The overall reactions could be possibly
written in the following equation:

NH,;+H,O0 < NH; +0H~ (1)
Zn"" +20H™ = Zn(OH); (2)
Zn{OH)y+2NH ;F— ZnF, + 2NH .+ 2H,0 (3)

Figure 2 shows X-ray diffraction patterns of F-doped ZnO (FZO) nanoparticles with various F
doping contents from I wt.% to 5 wt.% calcined at 500 °C (Fig. 2a) and 700 °C (Fig. 2b). All
diffraction patterns confirmed the existence of only ZnQ phase without any impurities [7]. These
occurrences implied that F atom could properly substituted at Zn site in ZnO structure. The average
crystallite size of all samples were calculated from the full width at half-maximum (FWHM) of the
(002) diffraction peak by Scherrer’s equation (4). where D is crystallite size. / is wavelength of
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Fig. 2 XRD patterns of FZO nanoparticles with the different F contents calcined at (a) 500 °C
and (b) 700 °C.

X-ray source (Cu K; = 1.54 A). § is FWHM of the (002) diffiaction peak and @ is the position of
diffraction angle. The ecalculated crystallite size of the samples is approximately $6-70 nm.

0.94

zﬁcosé )

Figure 3 shows SEM photograph of F-doped ZnO nanoparticles calciried at 500 °C and 700
°C. Tt is obviously noticed that the increase of F doping content significantly causes the increase of
their particle sizes . It can be clearly seen that when doping level is 1 wt.%. its shape is nanorod.
However. its shape changes to be hexagonal sheet with increasing F content to 3 wt.% and 5 wt %.
The corresponding EDS measurement was carried out to estimate at the doping concentration
quantitatively. The EDS analysis of 5 wt.% F-doped ZnO sample as shown in Fig. 4 affirmed the
existence of 2.85 wt.% F doping concentration in ZnQ matrix.

Figure 5(A) shows the diffuse reflectance spectra of undoped ZnO and F-doped ZnO
nanoparticles in-the wavelength ranging from 250 nm to 1200 nm. It is noticed that the increasing
content of F ion in crystal structures leading to the decrease of band gap from 3.34 ¢V t0 2.9 ¢V
(Fig. 5(B)). This can be explained by increasing of the defects or impurities [6]. In addition. the
decrease of optical band gap is attributed o not-only lattice parameter and nano-crystal effect but
also the influence of various factors such as grain size. carrier concentration. deviation from the
stoichiometry and lattice strain

Totals

0 1 2
Full Scale 11968 cts Cursor 0,000 ke

Fig. 3 FE-SEM micrograph of Fzo Fig. 4 EDS spectia of FZO nanoparticles at
nanoparticles with various F doping content Wt.% of F content.

from 1 wt.% . 3 wt.% and 5 wt.% calcined at

500 °C (A. B and C) and 700 °C (D. E and F).
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Fig. 5 (A) Diffuse reflectance spectra of FZO nanoparticles with-the different F contents calcined at
500 °C and 700 °C and (B) The band gap values of all samples.

Conclusion

In this work, F-doped ZnO nanaparticles were successfully synthesized by co-precipitation
method. XRD results showed the only hexagonal structure of ZnO suggesting the complete
substitution of F ion in ZnO crystal structure meanwhile SEM photographs revealed the different
aspect of these powders when using different cal¢ination temperature and F doping contents.
Moreover, the different F concentration and caleination temperature prove themselves to be crucial
factors on significant change to strucrure and optical properties of ZnO,
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