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In this study, we report the fabrication of sol-gel prepared
ZnO nanorods through the use of vapor-confined face-to-face
annealing (VC-FTFA) in which mica was inserted between
two films, followed by annealing using the FTFA method.
LZO nanorods are regrown when lithium chloride is used as
the solvent because ZnCl, and LiCl vapors are generated.
The near-band-edge emission intensity of the LZO nanorods
is enhanced through annealing using the VC-FTFA method
and is increased by a factor of 6 compared to that of LZO
thin films annealed in open air at 600 °C. Our method may
provide a route toward the facile fabrication of ZnO
nanorods.

One-dimensional ZnO  nanostructures, including nanorods,
nanowires, and nanotubes, have aroused considerable research
interest because of their potential applications in optoelectric
nanodevices.! ZnO, a direct-band-gap (3.37 ¢V) semiconductor with
an exciton binding energy of 60 meV, is a suitable material for
optical applications. ZnO nanorods are expected to exhibit enhanced
luminescence efficiency because of their high aspect ratios and
quantum-confinement  effects. For  fabrication = ZnO-based
optoelectronic devices, both n- and p-type materials are required.
Group-I elements (Li and Na) and group-V elements (N, P, As, and
Sb) were tried as the suitable dopants to realize the p-type
conductivity in ZnO. However, acceptor levels of group-V elements
are theoretically identified to be deep with low solubility limits. It is
predicted theoretically that p-type doping is possible when group-I
elements substitute Zn in ZnO lattice, which behave as shallow
acceptors.2 Among group-I elements, lithium is the best candidate in
producing p-type ZnO because of almost no lattice relaxations and
ZnO LED based on the Li-N codoped p-type ZnO has been
fabricated, which can work continuously for 6.8 hours.> A number of
different techniques have been utilized to prepare ZnO films. The
sol-gel method is one of the most attractive processes because of the
control it permits over composition, its simple resource
requirements, and its low cost. In the sol-gel process, ZnO films are
obtained via post-deposition crystallization. The as-deposited films
are in an amorphous state and must be transformed into the
crystalline state via post-annealing. When sol-gel prepared ZnO
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films are annealed, the resulting films generally contain crystalline
grains with random orientations because of nucleation and crystal
growth in the bulk of the films.* However, the c-axis orientation is of
prime importance in Li-doped ZnO (LZO) films, especially for films
applied in piezoelectric and ferroelectric devices. Although some
research has been conducted regarding Li/ZnO composites, most of
this research has focused on the structural and electrical properties of
these composites, and only a few reports have focused on the
photoluminescence (PL) properties, which are degraded that optical
properties of LZO deposited using sol-gel process.

A face-to-face annealing (FTFA) approach is commonly
employed for GaAs semiconductors to prevent the out-diffusion of
arsenic.® The GaAs wafer to be annealed is placed between a bottom
Si wafer and a top GaAs wafer with the polished surfaces facing
each other, hence the name FTFA. Wang et al.” have found that the
PL properties of ZnO films can be enhanced by the use of the FTFA
method. In this study, we used sol-gel spin-coating and a novel
annealing method, vapor-confined FTFA (VC-FTFA), to fabricate
LZO nanorods, using lithium chloride to regrow the nanorods. This
method has several advantages over the conventional FTFA method,
including a sharp increase in the near-band-edge (NBE) emission
intensity in the PL spectra. Here, we describe the mechanism for the
generation of vapors during annealing and the influence of the
confined vapors during the VC-FTFA method on the optical
properties of LZO nanorods.

The basic strategy for annealing spin-coated LZO films (12 at.%)
is illustrated in Scheme 1. Three samples were prepared at 600 °C
for a comparative study. Sample 1 was annealed in open air. Sample
2 was annealed using the conventional FTFA method, in which two
films were placed together in an FTF arrangement during annealing.
For sample 3, mica was inserted between the two films, and which
were then annealed using the FTFA method.

The thermal-decomposition behaviors of the ZnO and LZO (Li/Zn
= 30 at.%) precursors were determined using a thermogravimetry-
differential thermal analyzer (TG-DTA); the materials were heated
in the TG-DTA from room temperature to 700 °C at a constant rate
of 10 °C/min in air. Fig. 1 shows the TG-DTA curves of the ZnO and
LZO precursors. The TGA curves reveal that the ZnO and LZO
precursors exhibited an initial weight loss at 100 °C, which resulted
from the evaporation of the solvent and water. The ZnO and LZO
precursors also exhibited weight losses in the temperature regions of
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Scheme 1 Schematic illustration of the annealing method. Annealing
configurations: FTF without any additional film (sample 1) and with
additional film (sample 2). In the schematic diagram of sample 2,
mica was inserted between the two films (sample 3).

100 ~ 220 and 220 ~ 250 °C and of 100 ~ 300, 300 ~ 470, and 470 ~
600 °C, respectively, which were attributed to the decomposition of
organic compounds. Specifically, in the temperature region of 300 ~
600 °C, the LZO precursor slowly evaporated, which generated
ZnCl, and LiCl vapors, as described by the following reactions:

Zn(CH;COO), + 2H,0 — Zn(OH), + 2CH;COOH(1) (1
LiCl + H,O — LiOH + HCI(}) )
Zn(OH), + LiOH + 3HCI — ZnClL(1) + LiCI(1) + 3H,0(1) 3)

The ZnO and LZO precursors exhibited endothermic and exothermic
peaks between 25 and 300 °C and between 25 and 550 °C,
respectively, in the heat flow analysis; these peaks were attributed to
the evaporation of water and organics from these precursors. The last
exothermic peaks in the TG-DTA curves of the ZnO and LZO
precursors, at 360 and 600 °C, respectively, resulted from the
crystallization of ZnO and LZO.

Sample 1 consisted of numerous round-shaped ZnO nanoparticles
of approximately 60 nm in diameter, as shown in the field-emission
scanning electron microscope (FE-SEM) image presented in Fig. 2a.
ZnO rods were grown using the FTFA and VC-FTFA methods, and
these rods were formed by the round-shaped LZO nanoparticles
because of their role in the seed layer. ZnCl, and LiCl vapors were
generated in the temperature region of 300 ~ 600 °C, and round-
shaped nanoparticles were regrown by the ZnCl, and LiCl vapors.
The length of the rods in sample 3 was greater than that in sample 2.
The regrowth of the LZO rods can be attributed to the vapor-solid
mechanism, in which rods grow via the oxidation of the produced Zn
and Li vapors, followed by condensation. The ZnCl, and LiCl vapors
decomposed at 470 ~ 600 °C, and LZO rods were formed on the
round-shaped nanoparticles by organic compounds that contained
oxygen or by oxygen present in the air. However, the surface
morphology did not change when LZO films were prepared using a
lithium acetate (Fig. S1, ESIY), Supporting Information). Therefore,

the LZO films were regrown when a chloride-based solvent was
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Fig. 1 TGA and DTA curves, shown as the percentage of weight loss
and the heat flow, respectively, for the ZnO (left) and LZO (right)
precursors.

2| J. Name., 2012, 00, 1-3

Journal Name

1 ZnO
I si

T
200
3200

by v e el

(002)(101)

500 nm

Sample 1

Sample 2

Intensity (arb. units)

Sample 3

30 35 40 45 50 55
2 theta (degree)

Fig. 2 (a) SEM images and (b) XRD analysis of the three samples.

used because ZnCl, and LiCl vapors were generated. Fig. 2b shows
the X-ray diffraction patterns of the three samples. Four ZnO
diffraction peaks were observed at 31°, 34°, 36° and 47°, which
correspond to the (100), (002), (101), and (102) planes, respectively.
No traces of Li metal or oxides were detected, indicating that the
wurtzite structure was not modified by the incorporation of Li into
the ZnO matrix. Samples 2 and 3 exhibited a strong (002) peak,
indicating that the c-axis orientation of the ZnO grains was
perpendicular to the substrate. It was also observed that the intensity
of the (002) peak in sample 3 was larger than that in sample 2.

Fig. 3a presents optical images of the three samples prepared for
the comparative study illustrated in Fig. 1. Sample 1 exhibited a
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Fig. 3 (a) Optical images of the three samples, which are 18 x 18
mm?2 in size. (b) Degree of uniformity of the NBE emission
intensities: the PL spectra were measured at the red points in Figure
4a. (c) PL spectra of the LZO films as measured in the centers of
samples 1 (black), 2 (red), and 3 (blue).
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transparent color, whereas samples 2 and 3 were covered with white-
colored products on the surfaces of the Si substrates. We obtained
the degree of uniformity of the NBE emission intensities in the PL
spectra of the three samples (Fig. 3b) using a continuous-wave
helium-cadmium (He—Cd) laser as the optical excitation source, and
these intensities were measured at the points marked in red in Fig. 3a.
The NBE emission intensities were randomly distributed over the
entire surface of sample 1, whereas those of sample 2 were stronger
on the edges of the surface than toward the center of the surface
because the generated ZnCl, and LiCl vapors were not sufficiently
confined. These vapors remained briefly at the center of the surface,
and round-shaped nanoparticles were slightly regrown. For sample 3,
however, the NBE emission intensities appeared to be evenly
distributed over the entire surface because the vapors were confined
by the mica. We attribute the active regrowth to the confinement of
these vapors. Fig. 3¢ presents the PL spectra of the three samples.
Notably, the NBE emission intensities of sample 3 are greater than
those of samples 1 and 2. The spectra of the three samples contain a
green emission band at approximately 2.3 eV that originates from
the recombination of holes with the electrons that occupy the singly
ionized oxygen vacancies.® The regrowth resulting from the VC-
FTFA method is effective in increasing not only the NBE emission
intensity but also the emission uniformity. The NBE emission
intensity of the LZO films annealed in open air, which were
deposited using a lithium acetate precursor as the dopant, was
similar to that of the LZO films annealed using VC-FTFA method
(Fig. S2, ESIt). However, the DL emission of the LZO films
annealed using the VC-FTFA method was slightly less than that of
the LZO films annealed in open air. This result is similar to that
reported by Wang et al.”, and it is not attributable to regrowth.
Therefore, an acetate-based solvent cannot generate vapors that
facilitate regrowth. Chloride-containing metals, such as magnesium
chloride (MgCl,), can generate ZnCl, and metal chloride vapors,
which were found to lead to an increase in the NBE emission
intensity and a blue-shift of the NBE emission peaks (Fig. S3, ESI¥).
These results are consistent with reaction (3), as presented in Fig. 1.

Fig. S4a (ESIt) presents the PL spectra of LZO films that were
annealed using the VC-FTFA method with various annealing
temperatures. As the annealing temperature was increased to 600 °C,
the NBE emission intensity also increased. The NBE emission
intensity of the film annealed at 500 °C was the lowest because
insufficient amounts of ZnCl, and LiCl vapors were generated and
decomposed only minimally. At an annealing temperature of 600 °C,
ZnCl, and LiCl vapors were fully generated and decomposed, and
these vapors remained between the LZO films and caused active
regrewth. The NBE emission intensity, however, decreased as the
annealing temperature was increased to 800 °C because the ZnCl,
and LiCl vapors activated by the thermal energy were not well
confined and escaped from the region between the LZO films. The
NBE emission intensity of the LZO films annealed in open air
followed a similar trend to that of the LZO films annealed using the
VC-FTFA method (Fig. S4b, ESIt). As indicated by the PL spectra
of the LZO films annealed in open air and using the VC-FTFA
method, the NBE emission intensity was enhanced by annealing
using the VC-FTFA method, and it was increased by a factor of 6
compared to the films annealed in open air at 600 °C. The
absorbance of the samples 2 and 3 was greater than that of sample 1
(Fig. S5, ESIf). However, absorbance of the sample 2 was similar to
that of the sample 3. Therefore, enhanced NBE emission intensity
was caused by effect of Li doping and regrowth through the use of
VC-FTFA, not effect of thickness, which decreased the nonradiative
recombination defect by Li incorporation and increased the
crystallinity.
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To investigate the acceptor-related emissions, a low-temperature
PL measurement was performed at 12 K, as presented in Fig. S6
(ESIY). Six distinct PL peaks appeared in the spectrum of the ZnO
film (Fig. S6a, ESIt) at 3.373, 3.361, 3.321, 3.249, 3.177, and 3.105
eV. The NBE emission peaks at 3.373, 3.361, and 3.321 eV were
attributed to the emission of free excitons (FX), neutral-donor-bound
excitons (D°X), and two-electron satellites (TES), respectively.” The
other peaks at 3.249, 3.177, and 3.105 eV were attributed to the first-,
-second, and third-order longitudinal optical phonon replicas of TES
(TES-1LO, TES-2LO, and TES-3LO), respectively. It is well known
that the LO phonon replicas of TES in ZnO have generally been
identified based on the energy interval between a TES and the LO
phonon energy (howi o = 72 meV).'" However, five distinct PL peaks
were observed in the spectrum of sample 3 (Fig. S6b, ESIt) at 3.373,
3.354, 3.317, 3.287, and 3.215 eV, which were attributed to the
emissions of FX, acceptor-bound excitons (A’X), free-to-neutral-
acceptors (e,A”), donor-acceptor pairs (DAP), and DAP-1LO,
respectively.'" The peaks associated with A’X, (e,A%), and DAP,
which are closely related to lithium-related acceptor transitions, were
not observed in the PL spectrum of the ZnO film.

In summary, LZO nanorods prepared using the VC-FTFA method
exhibit enhanced structural and optical properties with respect to
LZO films annealed in open air. The regrowth of the LZO films is
caused by chloride-containing dopant, such as lithium chloride,
which generates ZnCl, and LiCl vapors.
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