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ZnO nanorods have been synthesized on glass substrate by the chemical bath
deposition technique. To investigate the effect of postannealing treatment on
their crystalline and optical quality, the films were annealed at various tem-
peratures of 300°C, 400°C, and 500°C in air ambient for 1 h. The morpho-
logical and chemical composition of the ZnO films were investigated using
field-emission scanning electron microscopy (FESEM) with energy-dispersive
spectroscopy (EDS). The structural properties were characterized by
employing x-ray diffraction analysis and Raman spectroscopy. Finally, the
optical properties were investigated by photoluminescence measurements.
FESEM images revealed high-quality ZnO nanorods grown on the substrate
surface. EDS results demonstrated a slight reduction in the quantity of oxygen
after annealing. XRD and Raman results showed noticeable improvement in
the crystalline quality of the ZnO films after annealing. The crystallite size
increased significantly after annealing, from 40.5 nm for the nonannealed film
to a maximum for 46.2 nm for the annealed samples. The photoluminescence
results exhibited an increment in the optical quality [ultraviolet (UV) versus
visible emission] after postannealing treatment. The enhancement in the
crystalline and optical quality of the annealed films compared with the
nonannealed sample is due to recrystallization of ZnO particles into a ZnO
wurtzite lattice structure as well as relaxation of oxygen molecules adsorbed
on the surface of the ZnO nanorods. This enhancement is conducive to im-
proved efficiency for potential applications of ZnO.

Key words: ZnO, nanorods, postannealing treatment, structural properties,
optical quality

INTRODUCTION

Zinc oxide (ZnO) is an n-type II-VI semiconductor
with direct wide bandgap (3.37 eV) and large bind-
ing energy (60 eV) at room temperature.’ Recently,
ZnO has attracted extensive interest from research-
ers due to its advantages such as low cost,? nontox-
icity, as well as chemical and thermal stability.?
Zn0O is a promising material for use in several
potential applications in various fields such as light-
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published online March 17, 2017)

emitting4 diodes, photodetectors, solar cells, and gas
sensors.”

Zn0O nanostructures have previously been syn-
thesized using numerous techniques such as chem-
ical vapor deposition (CVD),® radiofrequency (RF)
magnetron sputtering,’” and metalorganic chemical
vapor deposition (MO-CVD).® In contrast to these
methods, chemical bath deposition (CBD) offers
several advantages such as simple and low-cost
setup, low-temperature deposition, suitability for
large-scale production, and facile control of deposi-
tion conditions.”!® ZnO nanostructures prepared
through low-temperature CBD, however, show
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various structural and surface defects which reduce
the film quality and its performance in potential
applications.!

The structural properties of ZnO are affected by
intrinsic defects such as vacancies and interstitials.
Presence of vacancies or interstitials in as-prepared
film may reduce/expand the lattice parameters in
comparison with unstrained film. This may gener-
ate compressive/tensile strain, in turn reducing the
crystalline quality. These defects (including oxygen
vacancies, oxygen, and Zn interstitials) may
enhance the visible emission that is ascribed to
recombination of photogenerated electrons.'?** In
addition, surface defects, such as adsorbed mole-
cules (M,4) on the surface of the nanorods, could be
generated, for example, oxygen or OH group. These
defects may reduce optical luminescence via a
nonradiative process between electrons with M,q
at the surface. This nonradiative process reduces
the optical quality because photogenerated elec-
trons are captured by M, instead of recombining
with holes in the valence band.'*

Postannealing treatment (PAT) is a promising pro-
cess suggested to reduce the defects generated in
deposited films. Various studies have reported that
postannealing treatment can be employed to improve
the structural and optical properties of ZnO nanostruc-
tures. Recently, the effect of postannealing treatment
on the photoluminescence of ZnO nanorods prepared by
the hydrothermal method was studied. As-grown ZnO
nanorods were annealed in nitrogen and oxygen at
800°C. The results showed strong enhancement of
ultraviolet (UV) emission as well asimprovementin the
crystalline quality after annealing treatment.'’ In
addition, the effect of the postannealing process on
the structural and optical properties of ZnO thin films
prepared by the sol-gel method has been investigated.
As-grown films were annealed at various temperatures
from 300°C to 1000°C in oxygen ambient. The findings
demonstrated that annealing at temperature of 550°C
to 700°C improved the film quality; however, annealing
at higher tem7perature of 700°C to 1000°C reduced the
film quality.!

In the present work, the effect of PAT on the
structural and optical properties of ZnO nanorods
(NRs) prepared by the CBD method was investi-
gated. The objectives of this work include use of
simple procedures and the low-cost CBD method to
synthesize ZnO NRs, study of the effects of PAT on
their structural and optical properties related to
intrinsic and surface defects, and finally determi-
nation of the optimum temperature for PAT in air
ambient to improve their structural and optical
properties; this will lead to further research and
enable potential applications of ZnO NRs formed by
simple and cost-effective methods.

PREPARATION OF ZNO FILMS

A medical glass substrate was cut into 2 em x 1 cm
pieces, followed by surface cleaning using an
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ultrasonic pot with acetone for 10 min. The substrate
was then rinsed with deionized (DI) water and dried
using nitrogen gas. Afterwards, the substrates were
seeded with a 50-nm layer of ZnO using a ZnO target
(99.999% purity) in a radiofrequency sputtering sys-
tem (HHV-Auto500) at room temperature in Ar gas
ambient. The working power and pressure were
150 W and 7.47 x 10~* kPa, respectively.

Zm nitrate hexahydrate [Zn(NO3z)'6H50, 20 mM;
Sigma-Aldrich] with equimolar concentration of
hexamethylenetetramine (HMTM, CgH1oNy;
Sigma-Aldrich) were dissolved in 80 ml DI water
in a beaker. The seeded substrates were suspended
vertically in the beaker containing the solution. The
beaker was subsequently placed in a furnace oven
at 93°C for 5 h. Finally, the substrates were
removed and washed with DI water for 5 min, then
dried using nitrogen gas. The day after, the as-
grown samples were annealed at different temper-
atures of 300°C, 400°C, and 500°C for 1h in air
ambient. As-deposited and annealed samples were
then subjected to further characterization.

CHARACTERIZATION

The morphological features of the as-deposited
films were investigated using field-emission scan-
ning electron microscopy (FESEM; FEI Nova Nano-
SEM 450) with energy-dispersive spectroscopy
(EDS). Structural characterization was performed
by high-resolution x-ray diffraction (HR-XRD) anal-
ysis using a PANalytical X’PertPRO MRD system
equipped with a Cu K, radiation source
(4 =0.15406 nm), operated at 40 kV and 20 mA.
Photoluminescence (PL) measurements were con-
ducted by employing a He—Cd laser (325 nm) at
room temperature. Raman spectra were recorded by
utilizing a HORIBA Jobin Yvon HR800 Raman
spectrometer with Ar* ion laser as excitation source
operating at wavelength of 514.55 nm and power of
20 mW.

RESULTS AND DISCUSSION
Morphological Observations

Figure 1 shows top-view FESEM images of the as-
grown ZnO thin film and ZnO thin films after PAT
at temperature of 300°C, 400°C, and 500°C for 1 h
in air atmosphere. These typical FESEM images
reveal that all the ZnO thin films were uniform with
compact nanorod arrays grown vertically on the
glass substrate. The nanorods were grown on large
scale, indicating that synthesis of ZnO nanorods
using the CBD method is suitable for industrial
application, indicating good deposition conditions,
e.g., uniform heat distribution, and suitable precur-
sor concentrations. No noteworthy changes in mor-
phological characteristics were observed in the
annealed films compared with the as-deposited
sample. This could be due to the moderate
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annealing temperature used in this work (up to
500°C, as compared with the high melting point of
ZnO of 1975°C'®), preventing changes in the mor-
phology of the ZnO nanorods. Previously, ZnO
nanorods were annealed at high temperature of
450°C,* 700°C,%° or 800°C,%! with no changes in
morphological features being observed.

In the CBD method, the ZnO nanostructures are
synthesized via Reactions 1-5.* The first and second
equations describe the reaction of HMTM with HyO
to form a basic solution through generation of OH™
ions. Next, OH™ ions react with Zn?* ions to produce
Zn(OH),. Finally, Zn(OH), is dehydrated to produce
Zn0O, as shown in Eq. 5. The thermal energy
provided from the deposition pot plays an important
role in releasing HMTM to generate OH™ ions, as
well as the decomposition of Zn(OH), to form ZnO.
The final ZnO molecule regresents the basic unit to
form the lattice structure.®*?

CsH12N4 + 6H;0 — 6HCHO + 4NHj3 (1)

NH; + HyO — NH] + OH™ 2)

Zn(NO3), — Zn*? + 2NO; (3)
Zn'? + 20H™ — Zn(OH), (4)
Zn(OH),~ ZnO + H,0 (5)

The chemical composition of the ZnO films was
characterized by EDS (Fig. 2a). The quantity of
oxygen was reduced after annealing (Fig. 2b), indi-
cating that oxygen molecules adsorbed at the sur-
face of the nanorods were released. The thermal
energy generated in the annealing process could
have repelled these molecules from the surface of
the nanorods.

XRD ANALYSIS

Figure 3 shows typical XRD patterns for the ZnO
nanorods synthesized on glass substrate using the
CBD method at 93°C for 5 h with postannealing at
different temperatures in air ambient for 1 h. All
samples exhibited one major (002) peak, indicating

Fig. 1. FESEM images of ZnO nanorods: (a) nonannealed film, (b) annealed at 300°C, (c) annealed at 400°C, and (d) annealed at 500°C.
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Fig. 2. a EDS spectra of ZnO nanorods: (a) nonannealed film, (b) annealed at 300°C, (c) annealed at 400°C, and (d) annealed at 500°C. b

Oxygen atomic percentages in non- and postannealed ZnO films.

400 500

high crystalline quality with wurtzite hexagonal
structure phase, matching Joint Committee on
Powder Diffraction Standards (JCPDS) card no.
01-080-0074. It was noted that the c-axis was the
preferred growth direction. No impurity peaks or
peaks from other phases are seen in these results,
indicating that the samples had good purity.

The intensity of (002) peak increased as the
annealed temperature was increased. PAT provides
atoms with thermal energy, promoting their occu-
pation at the correct locations in the lattice crystal.

Because the (002) orientation has the lowest surface
free energy, the atoms tended to coordinate into this
direction, resulting in enhanced ZnO crystalline
quality.”

The inset in Fig. 3 shows a slight shift towards
smaller angle of the (002) peak for the annealed
samples, as compared with pure ZnO. The crystal-
lite size D of the as-grown samples was calculated
from (002) peak using Scherrer’s formula in?® Eq. 6.
Equation 7 was employed for the lattice constant c,
and Eq. 8 was used to calculate the strain (e,,).
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D =0.94/fcos 0, (6)

¢c=1/siné, (7)

£ = 0% 100%. (8)
Co

D represents the crystallite size, 1 is the wave-
length of the x-ray source (0.15406 A), f§ is the full-
width at half-maximum (FWHM) of (002) peak, 0 is
the diffraction angle of (002) peak, c is the lattice
constant, and cg is the unstrained lattice constant
(0.52125 nm). The lattice parameters are presented
in Table 1.

The FWHM value reflects the crystallinity of the
as-prepared film. Note that the FWHM reduced
sharply for the annealed samples compared with the
nonannealed film, indicating improved crystallinity
of the films after annealing treatment. Similar
findings were reported previously.?*25

The crystallite size increased after annealing,
from 40.5 nm for the nonannealed ZnO to 45.2 nm,
46.2 nm, and 45.5 nm for films annealed at temper-
ature of 300°C, 400°C, and 500°C, respectively. This
may be due to recrystallization of the atoms of ZnO
into ZnO wurtzite lattice structure due to thermal
energy generated by PAT. This energy helps atoms
to arrange themselves into the plane with lowest
free surface energy, ie., (002),>® or the small
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Fig. 3. XRD patterns of non- and postannealed ZnO films.

crystallites coalesced after annealing to form larger
crystallites.?” The crystallite size decreased for
annealing temperature of 500°C. This may be due
to splitting of Zn—O bond."”

A slight increase in the lattice constant was found
after the annealing process, from 0.51974 nm for
the nonannealed sample to 0.52028 nm, 0.5227 nm,
and 0.52024 nm for the samples annealed at tem-
perature of 300°C, 400°C, and 500°C, respectively.
This increment in the lattice constant indicates
relaxation of internal strain due to thermal energy
generated by the annealing process.?® The nonan-
nealed sample demonstrated a negative strain
value, indicating compressive strain. The postan-
nealed samples also showed compressive strain,
with values lower than that for the nonannealed
sample. During the postannealing process, thermal
energy assists lattice atoms to correct their loca-
tions, leading to the increase in the lattice constant
and the decrease in compressive strain.?*?°

RAMAN ANALYSIS

Raman spectroscopy is a powerful technique for
studying the crystalline structure of materials,
providing useful information on the crystalline
properties, defects, and strain of as-grown films.
Figure 4 shows the Raman spectra measured using
the 514.55-nm laser source at power of 20 mW. It
can be seen that there are two characteristic peaks.
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Fig. 4. Raman shifts of non- and postannealed ZnO films.

Table I. (002) peak position, FWHM, crystallite size, and lattice parameter ¢ calculated from XRD analysis

Annealing Temperature (°C) 20 (°)
0 34.485
300 34.448
400 34.449

500 34.451

FWHM (°)

0.1643

D (nm) ¢ (nm) 822 (%)

0.187 40.5 0.51974 -0.219
0.1680 45.2 0.52028 —-0.186
46.2 0.52027 —0.188

0.1668 45.5 0.52024 —-0.193
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Fig. 5. Room-temperature PL spectra of non- and postannealed
ZnO films.

One of these, i.e., E2(H), corresponds to hexagonal
wurtzite-type structure, while the other, called
E1(L), can be attributed to defects in the lattice
structure.* After PAT at 300°C, the intensity of the
E2(H) peak increased while the intensity of E1(L)
decreased, indicating improved crystalline quality
due to decreased defects. For the sample annealed
at 400°C, the E2(H) signal increased significantly
with quenching of E1(L). However, at the higher
annealing temperature of 500°C, the intensity of
E2(H) began to decrease while the intensity of E1(L)
strongly increased, indicating degradation in the
crystalline quality with increased defects when the
sample was annealed at high temperature of 500°C.
The increment in the E2(H) peak intensity and the
reduction of the intensity of E1(L) for the samples
annealed at 300°C and 400°C is attributed to
restructuring of ZnO atoms to their correct sites in
the ZnO lattice, as mentioned in “XRD Analysis”
section. However, the reduction in the E2(H) inten-
sity with increasing E1(L) intensity indicates bond
breakage in ZnO due to high annealing tempera-
ture, which increased defects such as interstitials
and vacancies. Recently, ZnO nanostructures were
postannealed at various temperatures of 400°C* as
well as 300°C, 600°C, and 900°C;%® both of those
studies reported strong enhancement of E2(H) peak,
indicated improved crystalline quality. Simultane-
ously, the defect-related peak, i.e., E1(L), also
increased, indicating an increase in defects after
the annealing process. However, in this work, E2(H)
increased while E1(L) decreased for the samples
annealed at 300°C and 400°C, demonstrating that
good annealing conditions were used in this study.

PL ANALYSIS

Figure 5 shows the PL spectra of the as-prepared
and postannealed ZnO films recorded at room
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temperature. All films showed two peaks. The
strong peak located in the UV region corresponds
to radiative recombination of electrons with holes in
the wvalence band. Its intensity significantly
increased as the annealing temperature was
increased. Another peak located in the visible region
corresponds to photogenerated electrons trapped by
deep defects within the bandgap, such as vacancies
(Vzn, Vo) and interstitials (Zn;, O;), also known as
deep-level emission (DLE).?° Tt can be seen that the
DLE was quenched after annealing, resulting from
a reduction in the previous defects after annealing
treatment; similar results were reported
previously.?®

The optical quality (UV/DLE) was calculated from
the PL results and is visualized in the inset of
Fig. 5. As the annealing temperature was increased,
the optical quality strongly increased as well. The
nonannealed sample had optical quality of 2.27,
while the films annealed at temperature of 300°C,
400°C, and 500°C had optical quality of 11.93, 26.35,
and 16.27, respectively. All the annealed samples
showed better optical quality compared with the
nonannealed film, indicating improved optical prop-
erties after annealing treatment was conducted.
This enhancement in optical quality corresponds to
the improvement in the crystalline quality.?® The
sample annealed at 400°C demonstrated the highest
optical quality, but the sample annealed at 500°C
showed a sharp reduction in optical quality com-
pared with that annealed at 400°C. This decrease in
optical quality at high annealing temperature
results from the degradation in crystalline quality
as mentioned in “XRD Analysis” section.

When a ZnO sample is exposed to the PL laser,
electrons in the valence band are excited to the
conduction band. After the laser is switched off,
excited electrons recombine with holes in the
valence band (generating UV emission) and/or with
point defects in the bandgap [generating defect-
related emission (DLE)]. Finally, they may be
trapped by M,q at the surface of the nanorods via
a nonradiative process. The presence of M,q4 at the
surface of the nanorods plays a crucial role in both
radiative and nonradiative processes in the ZnO
nanostructures.?”?! Since the UV emission is gen-
erated via recombination of electrons with holes in
the valence band, the nonradiative recombination
(electron—M,q) at the surface reduces the number of
electrons which can recombine with holes in the
valence band, reducing the UV emission intensity.
This behavior usually occurs in nonannealed
samples.!1:15:32

Annealing expels M,q from the surface of the
nanorods by providing thermal energy that can
break electron—-M,4 bonds, enabling trapped elec-
trons to return to the conduction band. This process
increases the number of electrons that can recom-
bine with holes in the valence band, enhancing the
intensity of the UV emission accordingly. The UV
intensity decreased while the defect emission
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increased at the high annealing temperature of
500°C. This may be due to the degradation of the
structural quality with increase of the annealing
temperature, which may break Zn—O bonds and
thus increase the defects, as mentioned in “XRD
Analysis” section.

Electrons generated by the annealing treatment
occupy the lowest energy states in the conduction
band, resulting in an increase in the energy differ-
ence between the top of the valence band and the
lowest empty levels of the conduction band. This
may have increased the energy bandgap after the
annealing treatment, as shown in Fig. 4. This
phenomenon is called the Burstein—Moss (BM)
effect.®?

EDS was used to measure the quantity of oxygen
in the ZnO, consisting of oxygen atoms localized in
the wurtzite lattice structure (Oiaitice), interstitial
oxygen atoms (O;), and oxygen in adsorbed mole-
cules such as Oy and OH. However, the EDS results
showed no hydrogen, so it is likely that the adsorbed
molecule was O,.

The EDS results portrayed a decrease in the
quantity of O. Additionally, the XRD and PL results
indicated a reduction in oxygen vacancies, indicat-
ing that thermal energy was required to help O;
settle into oxygen vacancies via a recrystallization
process. As a result, there was an increase in O 14¢4ce
and a decrease in O;. However, this did not change
the overall quantity of oxygen. In conclusion, the
reduction in the quantity of oxygen resulted from
removal of adsorbed oxygen molecules from the
surface of the nanorods due to the thermal energy
provided, resulting in reduced surface defects and
thereby improved film quality. Annealing at high
temperature of 500°C resulted in an increase in
oxygen compared with the sample annealed at
400°C, resulting from breakage of Zn-O bonds,
which increased the quantity of O;. Creation of O;
also produces oxygen vacancies, which degraded the
crystalline and optical quality, as shown by the
XRD, Raman, and PL analyses.

CONCLUSIONS

We investigated the effect of postannealing on the
structural and optical properties of ZnO nanorods
synthesized chemically on glass substrate. The
deposited films were annealed at temperature of
300°C, 400°C or 500°C in air ambient for 1 h. XRD
and Raman results showed a noticeable improve-
ment in the crystalline properties of the ZnO film
after annealing. Photoluminescence results showed
a strong increment in the optical quality (UV/visible
emission) after postannealing treatment. The
enhancement in the crystalline and optical quality
of the annealed films compared with the nonan-
nealed sample results from recrystallization of ZnO
molecules into the ZnO wurtzite lattice structure as
well as relaxation of adsorbed oxygen molecules at
the surface of the ZnO nanorods. Such enhancement

is crucial for those working to improve the efficiency
of ZnO-related applications.
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