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Photoluminescence (PL) is an optical phenomenon exhib-

ited by some semiconductor materials when excited by an
electromagnetic radiation source. After the excitation and
recombination processes, these kinds of materials are able to
emit photons with less energy than those employed during
the electronic excitation. Initially, the researches on the PL
properties focused on crystalline materials under cryogenic
conditions. However, from the technological viewpoint,
the discovery of new materials with visible PL emissions
at room temperature has become more interesting for
the improvement or development of electrooptic devices.
Currently, functional and practical applications of this
physical phenomenon in our daily life can be found in
light-emitting diodes, lasers, lamps, sensors, scintillators,
electronic displays, and so on. In this special issue, the reader
will find 10 selected papers briefly summarized below.

PL properties of silicon (Si) nanocrystals (NCs) were
reported by S. Kim et al. These authors studied the
continuous-wave/time-resolved PL, cathodoluminescence,
and electroluminescence of silicon Si NCs produced by ion
beam sputtering deposition of SiOx single layer or SiOx/SiO,
multilayers and subsequent annealing.

L. E da Silva et al. investigated the difference of the PL
properties in SrTiO; micro- and nanocrystals prepared by
microwave-assisted hydrothermal method, using two differ-
ent titanium precursors. In addition, the SrTiOs nanocrystals
were characterized by means of X-ray diffraction, field
emission scanning electron microscopy, high-resolution
transmission electron microscopy, and X-ray absorption
near edge structure spectroscopy.

The concentration effect of polyvinylpyrrolidone (PVP)
as polymer surfactant on the PL properties of pure and
Ni-doped zinc sulfide (ZnS) nanocrystalline thin films as
explained by T. M. Thi et al. These authors investigated the
PL excitation, time-resolved PL spectra, and PL decay time of
these thin films, which were synthesized by the wet chemical
method and spincoating.

H. W. Park and D.-H. Kim verified the effect of dif-
ferent solvents (water, hexane, and toluene) on the surface
passivation of CdSe NCs in order to improve its visible
luminescence. The results found in this research indicated
that the water molecules promote an enhanced ligand
passivation on the CdSe NCs and lead to a high PL emission
with quantum yield (=85%) of these core CdSe quantum
dots.

The PL properties of doped-N,S and Mg and pure ZnO
nanocrystalline thin films prepared by the radio frequency
magnetron sputtering method were reported by H. Che et al.
In this work, these authors studied several factors (structural
defects, dopants, and intermediary levels) that act on the
optical properties of transparent ZnO thin films. Moreover,
there was a relation of PL properties with the presence of
deep excitonic energy level in the direct band gaps of these
films.

S. Wu et al. reported the effect of different ratio solvents
(water/ethanol), use of tetraethylenepentamine as a new
chelating ligand, rare earth (Yb®*/Er®*) concentration and
reaction time on the morphology and improvement of the
PL properties of NaYF,; nanoparticles synthesized by the
hydrothermal method.



Two interesting papers on zinc oxide (ZnO) nanostruc-
tures were presented by J. Z. Marinho et al. and S. L.
Wang et al. In the first one, irregular ZnO microcrystals
and spheres-like ZnO nanocrystals were prepared by the
conventional water bath heating and microwave-assisted
hydrothermal method, respectively. The effect of a different
synthesis method using urea as partial reactant with the
(C-NH;) groups promoted the formation of ZnO crystals
with different structural defects. This factor acted directly
on the PL behavior of ZnO micro- and nanocrystals. In
the second one, the authors prepared propeller-like ZnO
nanostructures by the chemical vapor deposition method
and investigated its PL and photocatalytic properties. The
results obtained in this work indicated that the propeller-
like ZnO nanostructures have superior PL emission in the
ultraviolet (UV) region when compared to the flower-
shaped ZnO nanostructures prepared by the same method.
Moreover, after 3 h of UV-light illumination, the propeller-
like nanostructures showed a higher photocatalytic activity
for the degradation of rhodamine B.

S.-Y. Ting et al. explained the improvement in the PL
properties of ZnO nanocrystalline thin films, employing
different buffer layers on sapphire substrates. In this work,
these authors described that the effect of different GaN
and MgO bulffer layers promotes modifications in the local
structure, formation of pores on the film surface, and
appearance of deep levels at 550 nm in the PL emission
spectra.

Finally, T. D. Hoanh et al. synthesized a new light-
emissive material, called bis(3H-1,2,3-triazolo-[4,5-b]pyri-
dine-3-ol)zinc (Zn(TAP),), by the chemical method. This
new complex has excellent PL and electroluminescent prop-
erties, that is, interesting blue light emission and high
luminance of 2,800 cd/m? at 12V. The obtained results in
this work by the electrical measurements suggest that this
complex can be a good candidate for the development of
organic light emitting diodes.

As guest editors for this special issue, we are pleased
with diverse and intense research activities in this area. We
expect the special issue will be wellreceived by the reader as a
small sample of the current research on the PL properties of
nanocrystals and nanocrystalline thin films.
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We report the optical properties of polyvinyl-pyrrolidone (PVP) and the influence of PVP concentration on the photoluminescence
spectra of the PVP (PL) coated ZnS:Ni nanocrystalline thin films synthesized by the wet chemical method and spin-coating.
PL spectra of samples were clearly showed that the 520 nm luminescence peak position of samples remains unchanged, but
their peak intensity changes with PVP concentration. The PVP polymer is emissive with peak maximum at 394 nm with the
exciting wavelength of 325 nm. The photoluminescence exciting (PLE) spectrum of PVP recorded at 394 nm emission shows peak
maximum at 332 nm. This excitation band is attributed to the electronic transitions in PVP molecular orbitals. The absorption
edges of the PVP-coated ZnS : Ni0.3% samples that were shifted towards shorter wavelength with increasing of PVP concentration
can be explained by the absorption of PVP in range of 350 nm to 400 nm. While the PVP coating does not affect the microstructure
of ZnS : Ni nanomaterial, the analyzed results of the PL, PLE, and time-resolved PL spectra and luminescence decay curves of the
PVP and PVP-coated ZnS: Ni samples allow to explain the energy transition process from surface PVP molecules to the Ni**

centers that occurs via hot ZnS.

1. Introduction

Despite intensive research on conductivity, local domain
orientation, and molecular order in organic semiconductor
thin films [1], the relationship between morphology, chain
structure and conductivity of the polymer is still poorly
understood. Recently, researchers all over the world have
worked on the improvement of electrical conductivity
investigated the charge transport and the energy band of
a variety of polymers (polyazomethine, aliphatic-aromatic
copolyimides). All determined parameters of the electrical
conductivity and the energy band have been found to be
related to the influence of the polymer chain structure [2—4].

During the last few years there have been extensive exper-
imental and theoretical studies of luminescence, nonlinear
optical and electrical properties of a variety of polymers

(novel conducting copolymer based on dithienylpyrrole,
azobenzene, and EDOT units) in the direction of material
science as electronic devices and displays [2, 3, 5-8]. New
progress has been made in the area of thermoelectric (TE)
applications of conducting polymers and related organic-
inorganic composites [9, 10]. Other research efforts aimed to
identify the role of additives in optimizing the morphology
of organic solar cells and discussed the role of bimolecular
recombination in limiting the efficiency of solar cells based
on a small optical gap polymer [11, 12].

Recently, methods have been developed to cap the sur-
faces of the nanoparticles with organic or inorganic groups
so that the nanoparticles are stable against agglomeration.
Among the inorganic semiconductor nanoparticles, zinc
sulfide ZnS is an important II-VI semiconductor, which has
been studied extensively because of its broad spectrum of



potential applications, such as in catalysis and electronic
and optoelectronic nanodevices. Furthermore, luminescent
properties of ZnS can be controlled using various dopants
such as Ni, Fe, Mn, and Cu [13-19]. They not only give
luminescence in various spectral regions but also enhance
the excellent properties of ZnS. In order to cap the ZnS
nanoparticles, some particular passivators of ZnS have been
used, such as polyvinyl alcohol (PVA) [20] and polyvinyl-
pyrrolidone (PVP) [21-25]. Understanding the effect of
capping on nanoparticles is one of the most important topics
nowadays. The influence of surface passivation on lumi-
nescence quantum efficiency of ZnS:Mn?* and ZnS: Cu?*
nanoparticles has been discussed when using sodium hexam-
etaphosphate (SHMP), PVP and PVA as coating agents [26—
28]. However, till now, there are only a few papers focused
on investigation of the optical properties of PVP-coated
ZnS nanocomposite materials and the process of energy
transfer from organic surface adsorbate of PVP to the dopant
ions (Cu®*, Mn**). Furthermore, there are not any papers
completely investigating the optical properties of PVP-coated
ZnS : Ni nanocomposite materials.

Thus, in this paper we report the optical properties
of PVP (polyvinyl-pyrrolidone) and the influence of PVP
concentration on the PL spectra of the PVP-coated ZnS : Ni
nanocrystalline thin films synthesized by the wet chemical
method and spin-coating. Further, the influences of PVP
concentration on the general features of the PL spectra and
the process of energy transfer from the PVP to the Ni**
luminescent centers in doped ZnS as well as the optical band
gap variation are also discussed.

2. Experiments

2.1. Preparation of ZnS : Ni Nanopowders. The polymer pol-
yvinyl-pyrrolidone and initial chemical substances with high
purity (99.9%) (Merck chemicals) were prepared as follows:

Solution I: 0.1 M Zn(CH;3COOQ), in water,

Solution II: 0.1 M NiSOy in water,

Solution III: 0.1 M Na,S in water,

Solution IV: CH;0H : H,O (1:1).

Firstly, ZnS : Ni nanoparticles were synthesized by the wet
chemical method. Solutions I, II, and III were mixed at an
optimal pH = 4.5 and in an appropriate ratio in order to
create Ni-doped ZnS powder materials with different molar
ratios of Ni>* and Zn?* as follows: 0.0%, 0.2%, 0.3%, 0.6%,
and 1%. The precipitated ZnS nad NiS nanoparticles were
formed by stirring of the mixed solutions at 80°C for 30
minutes following the chemical reactions

Zn(CH3COOQO), + Na,S — ZnS + 2CH3COONa
NiSOy4 + NayS — NiS + Na,SO4

These precipitated ZnS and NiS nanoparticles were filtered
by filtering system and then washed in distilled water and
ethanol several times. Finally, they were dried under nitrogen
gas for 6 h at 60°C. These powder samples were named ZnS,
7ZnS : Ni0.2%, ZnS:Ni0.3%, ZnS:Ni0.6%, and ZnS: Nil%,
corresponding to different molar ratios of 0.0%, 0.2%, 0.3%,
0.6%, and 1% of Ni** and Zn?*.

Journal of Nanomaterials

2.2. Preparation of Thin Films and Powders from PVP-Capped
ZnS:Ni Nanocrystals. In order to study the role and the
effect of PVP on the optical properties of ZnS:Ni, the PVP
coated ZnS : Ni nanoparticles were synthesized by keeping a
constant nominal Ni concentration of 0.3%, but variation of
polymer concentrations.

2.2.1. Preparation of Thin Films from PVP Capped ZnS: Ni
Nanocrystals. After washing, 0.1 g formed ZnS : Ni0.3% pre-
cipitates were dispersed into 10 mL of CH;0H: H,O (1:1)
solvent. This mixture was called solution IV. Similarly, 0.1 g
of PVP was dissolved in 10 mL of CH;0H:H,0O (1:1)
solvent and was called solution V. After that these two
solutions IV and V were mixed with each other at various
volume ratios of (5:0),(5:1),(5:2),(5:3),(5:4),and (5:7)
under continuous stirring for 1 h at speed of 3000 rpm.

The thin films M-PVP(5:0), M-PVP(5:1), M-
PVP(5:2), M-PVP(5:3), and M-PVP(5:4) were produced
by the spin-coating method on glass substrate using the
rotation speed of 1500 rpm with the same drop-by-drop
method and dried at 60°C for all samples.

2.2.2. Preparation of Powders from PVP-Capped ZnS : Ni Na-
nocrystals. In order to receive the PVP coated ZnS:Ni0.3%
nanopowders with different PVP concentrations, the mixed
solutions of IV and V were centrifuged at speed 3000 rpm.
Then, the received PVP-coated ZnS:Ni0.3% nanoparti-
cles were dried at 80°C. These PVP coated ZnS:Ni0.3%
nanopowders are named B(5:0), B(5:1), B(5:2), B(5:3),
B(5:4) and B(5:7).

2.3. Research Methods. The microstructure of these samples
was investigated by X-ray diffraction (XRD) using XD8
Advance Bruker Diffractometer with CuK, radiation of
A = 15406 A and high-resolution transmission electron
microscope (HR-TEM). Photoluminescence (PL) spectra,
photoluminescence exciting (PLE) spectra, and the absorp-
tion spectra of these samples at room temperature were
recorded by Fluorolog FL3-22, HP340-LP370 Fluorescence
Spectrophotometer with an excitation wavelength of 325 nm,
337 nm, xenon lamp XFOR-450, and JASCO-V670 spec-
trophotometer, respectively. The time-resoled PL spectra of
samples were measured by GDM-100 spectrophotometer
using Boxca technique.

3. Results and Discussion

3.1. Analysis of Microstructure by XRD Patterns, Atomic
Absorption Spectroscopy, and TEM. Figure 1 shows X-ray
diffraction spectra of the pure ZnS nanopowders (inset),
ZnS:Ni0.3% with different PVP concentration, B(5:0),
B(5:1), B(5:4), corresponding to curves a, b, and c. The
analyzed results show that all samples have a sphalerite
structure. The three diffraction peaks of 20 = 28.8°, 48.1°,
and 56.5° with strong intensity correspond to the (111),
(220), and (311) planes. It is shown that the PVP polymer
does not affect the microstructure of ZnS : Ni nanomaterials.
Thus, one can point out that the PVP coating on the surface
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FIGURE 1: The X-ray diffraction spectra of samples B(5:0); B(5:1);
B(5:4)—curves a, b, ¢, and respectively—and pure ZnS nanopow-
ders (inset).

TaBLE 1: The band gap of PVP, B(5:0), B(5:1), B(5:2), B(5:3),
B(5:4), and B(5:7) samples with different PVP concentrations.

No. Sample E, (eV) Grain size (nm)
1 B(5:0) 3.11 2,4

2 B(5:1) 3.19 2,4

3 B(5:2) 3.24

4 B(5:3) 3.8

5 B(5:4) 3.29 2,5

6 B(5:7) 3.43

7 PVP 4.19

of ZnS:Ni nanoparticles possesses the same structure as
the amorphous shells (in Figure 2(a)). From the diffraction
peaks of 260 and the standard Bragg relation, the interplanar
distance d = 3.12A and then the lattice constant a =
5.4 A for the cubic phase were calculated by the following
equations:

. 1 R+ P
2dsinf = n), EZ%’ 2)

where d is the interplanar distance and 4, k, and I denote the
lattice planes.

The average size of the Ni-doped ZnS grains is about
2-3nm, was calculated by which the Scherrer formula (in
Table 1).

Figure 2(b) gives the molecular structure and formula of
polyvinyl-pyrrolidone (PVP) with both N and C=0O groups.
In PVP, nitrogen is conjugated with adjacent carbonyl
groups. Thus, the role of PVP consists of (a) forming pas-
sivating layers around the ZnS: Ni core due to coordination
bond formation between the nitrogen atom of PVP and Zn?**
and (b) preventing agglomeration of the particles by the
repulsive force acting among the polyvinyl groups [23].

Figure 3(a) presents the HR-TEM image of B(5:3)
sample. Figure 3(b) demonstrates the distributions of the
adjacent interplanar distances of (111) planes corresponding

to Figure 3(a) (inset). From Figure 3(b) the adjacent inter-
planar distance of (111) planes is about 3.13 A. This result is
suitable for the XRD patterns and proves that the crystalline
is obtained in the as-synthesized samples ZnS : Ni-PVP.

3.2.  Photoluminescence Spectra Measurements. Figure 4
shows the photoluminescence PL spectra with the exciting
wavelength of 325nm of the ZnS:Ni0.2%, ZnS:Ni0.3%
7ZnS:Ni0.6%, ZnS:Nil.0%, and ZnS powder samples,
corresponding to curves a, b, ¢, d, and e. The peak maximum
of ZnS is about 450 nm, meanwhile the PL spectra of
7ZnS : Ni0.2%, ZnS :Ni0.3% ZnS :Ni0.6%, and ZnS : Nil.0%
samples show peak maximum at 520 nm. In order to study
the influence of Ni concentration on photoluminescence
of samples, all measured parameters (such as temperature,
sample volume, and exciting wavelength intensity) were
kept constant for every measurement of samples. This
clearly shows that the luminescence peak maximum
positions of ZnS:Ni samples are unchanged, but their
intensities change rather strongly with increasing of
PVP concentration. One of these samples with the large
luminescence intensity is ZnS:Ni0.3% sample. The relative
luminescence intensity of this sample is also about double
of that of the pure ZnS sample. In comparison with
other results, this result also agrees with previous works
[13, 15], in which the samples were synthesized from
initial chemicals: Zn(CH3;COO),-2H,0, NiSO4, and TAA
(CoH5NS). The blue emission band of pure ZnS sample is
attributable to the intrinsic emission of defects, vacancy, and
an incorporation of trapped electron by defects at donor
level under conduction range when the dopant-Ni was
added into the hot ZnS semiconductor. Moreover, due to the
energy levels of Ni?*(d®) in ZnS semiconductor materials,
the lowest multiplex term 3F of the free Ni* ion is split
into 3Ty, *T,, and *A, through the anisotropic hybridization
[13, 15]. Thus, the green luminescence of about 520 nm is
attributed to the d-d optical transitions of Ni**, and the
luminescent center of Ni?* is formed in ZnS.

In order to observe the influence of PVP concentration
on optical properties of samples, the M-PVP(5:0), M-
PVP(5:1), M-PVP(5:2), M-PVP(5:3), and M-PVP(5:4)
thin films were measured by the photoluminescence PL spec-
tra using the exciting wavelength of 325 nm (in Figure 5). It
is clearly shown that these luminescence peak positions of
samples remain unchanged but their peak intensities increase
with increasing of PVP concentration from (5:0) to (5:4).

These results show that PVP does not affect the
microstructure of ZnS:Ni but plays an important role to
improve the optical properties of ZnS : Ni nanoparticles.

3.3. Absorption Spectra and Photoluminescence Excitation
(PLE) Spectra. The absorption spectra of PVP sample and
the B(5:0), B(5:1), B(5:2), B(5:3), B(5:4), and B(5:7)
samples (PVP-coated ZnS:Ni0.3% samples with different
PVP concentrations) are shown in Figure 6.

It is known that the light transition through the environ-
ment can be demonstrated by the Beer-Lambert law:

1) = L(v) - e, 3)
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FIGURE 3: (a) HR-TEM image of B(5: 3) sample. (b) The interplanar distances of (111) planes.

where Iy(v) and I(v) are intensities of light in front of and
behind the environment, a(v) is absorption coefficient of this
environment relative to photon with energy hv, and d is the
thickness of the film.

Formula (3) can be rewritten in logarithmic form:

I(v) _23A
10) =23-A ora= i

(4)

Io(v)

a(v) - d=In 10)

=In10-1g

with A = 1g(Iy(v)/I1(v)) being the absorption.
The relation between absorption coefficient « and energy
of photon was represented by the following equation [22]:

K(hy — E,)"?
o= (5)

where K is a constant, E, is the band gap of material, the
exponent # is dependent on the type of transition (here, n =
1 for the direct transition of ZnS : Ni semiconductor).

From (4) and (5), it can be written as

(Ahv)* = B(hv - Eg), where B is constant.  (6)

By (6), the absorption spectra of samples are converted into
the plots of (Ahv)* versus hv (Figure 6 inset). The values
of the band gap E, were determined by extrapolating the

straight line portion of the (Ahv)* versus hv graphs to the
hv-axis (Figure 6 inset). Table 1 gives the band gap values of
PVP and the B(5:0), B(5:1), B(5:2), B(5:3), B(5:4), and
B(5:7) samples, calculated from these absorption spectra. It
is clear that the band gap of the B(5: 0) sample (ZnS : Ni0.3%
sample) is smaller in comparison with that of pure ZnS
(3.68 ¢V). This decreasing is possibly attributed to the band-
edge tail constitution of state density in band gap, by the s-
d exchange interaction between 3d® electrons of Ni** and s
conduction electrons in ZnS crystal [29, 30]. On the contrary
to this issue of ZnS:Ni (in comparison with that of pure
ZnS), the band gap of the PVP-coated ZnS:Ni samples
increases from 3.11 eV to 3.43 eV with the increasing of PVP
concentration (the absorption spectra shifted toward shorter
wavelength).

Because ZnS : Ni nanoparticles were formed in prepara-
tion process before they dispersed into PVP matrix, there-
fore, PVP do not effect to size of nanoparticles. However, the
PVP play an important role as the protective layer, against
agglomeration ZnS:Ni nanoparticles and contribute to
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increase optical properties of ZnS:Ni nanoparticles. The
absorption edge and right shoulder of PVP in the range
from 230 nm to 400 nm and the absorption edges and right
shoulders of PVP-coated ZnS:Ni0.3% samples in range
from 350 nm to 400 nm showed clearly the shift toward to
short wavelength with increasing of PVP concentration. Due
to the PVP absorption the photons in wavelength range
from 230nm to 400nm, and thus the blue shift of the
absorption edge in the range from 350 nm to 400 nm can be
explained by increasing of PVP concentration of the PVP-
coated ZnS : Ni0.3% samples.

In order to examine the process of energy transfer in
the PVP-coated ZnS : Ni nanoparticles, the PVP and B(5:3)
samples were measured by the PL, the PLE spectra as in
Figures 7 and 8, respectively. It is interesting to see that
the PVP is emissive with peak maximum at 394 nm with
the exciting wavelength of 325 nm. Simultaneously, the PLE
spectrum recorded at 394 nm emission of PVP shows peak
maximum at 332nm in Figure 7 (inset). This excitation
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FIGURE 9: The time-resolved PL spectra of PVP at 300 K excited by
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quency of 10 Hz. The delay times after the excitation pulse are 33 ns,
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band is attributed to the electronic transitions in PVP
molecular orbitals. Alternatively, the blue emission band
of PVP at 394 nm is attributed to the radiative relaxation
of electrons from the lowest energy unoccupied molecular
orbital (LUMO) to the highest energy occupied molecular
orbital (HOMO) levels in PVP [31]. As seen in Figure 7
(inset), the PLE band of PVP monitored at 394 nm has a
peak maximum at 332 nm, while the PLE band of B(5:3)
monitored at 520 nm (Figure 8) shows a peak maximum
at 395 nm. These results show that the PL peak of 394 nm
of PVP sample coincided exactly with the PLE peak of
B(5:3) sample. Thus, the exciting wavelength of 325 nm is
becoming the luminescent emission at 520 nm of the PVP-
coated ZnS:Ni samples. From above analysed results of
PLE spectra of PVP, B(5:3) samples and the PL spectra
of the sample systems (Figures 4 and 5) with the exciting
wavelength of 325 nm, it is reasonable to suppose that (i) the
high energy band in the PLE spectrum of ZnS : Ni-PVP arises
from the surface PVP molecules, (ii) the energy transfer
occurs between the energy levels of surface PVP molecular
orbitals and the luminescence centers of ZnS:Ni, and (iii)
the energy transition from surface PVP molecules to the Ni**
centers occurs via hot ZnS.

3.4. Time-Resolved PL Spectra and Luminescence Decay
Curves. The investigation of the kinetic decay process of
electrons in energy bands is very important to the study
of luminescence. It can provide a scientific basis for the
improvement of the luminescence efficiency of optical mate-
rials. Figure 8 shows the time-resolved PL spectra of PVP
at 300K excited by pulse N, laser with 337 nm wavelength,
pulse width of 7ns, and frequency of 10 Hz. These peaks
of these spectra are shifted toward longer wavelength from
428 nm to 437 nm with increasing of the delay time from
33ns to 50ns. It shows clearly that these peaks belong to
the right shoulder in range of 390-470 nm of PL spectrum
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FiGURre 10: The PL decay curve of PVP.

of PVP excited by laser wavelength of 325 nm (in Figure 7).
Beside that, Figure 9 also shows that the PL peak intensity
decreases while the spectral width of the PL band (full-width
at half-maximum) decrease with increasing of the delay time.
These PL properties are attributed to electron transition from
LUMO to HOMO levels in PVP molecules.

Figure 10 shows the PL decay curve of PVP at 428 nm
when using exciting wavelengths 337 nm. The decay curve
shows that the number of free photoelectrons in excit-
ing energy bands (corresponding to 428 nm wavelength)
is decreased by exponential attenuation and is given by
n oc e 7, where 7 is the lifetime of electrons in exciting
energy band. From this PL decay curve, the lifetime of free
photoelectrons is calculated as 7 = 15.5ns for PVP at
428 nm. The lifetime 7 is shorter than that in ZnS: Mn, Cu
samples sintered at high temperatures [32]. On the other
hand, the lifetime 7 is very short, thus it is characteristic of
the radiative relaxation of electrons from the lowest energy
unoccupied molecular orbital (LUMO) to the highest energy
occupied molecular orbital (HOMO) levels in PVP. From
the above analyzed results of PVP, the blue luminescence of
PVP may be attributed to the radiative relaxation of electrons
from LUMO to HOMO levels as in Figure 12.

3.5. On the Energy Transfer from Surface PVP Molecules to the
Ni** Centers. The PVP is a conjugated polymer with both
N and C=0 groups. So with the ZnS: Ni-PVP samples, it is
believed that the bond between metal ions and PVP can give
rise to overlapping of molecular orbitals of PVP with atomic
orbitals of metal ions in surface regions [23, 31]. Thus, from
the above results, we believe that the PVP passivating layers
around the ZnS: Ni core described in Figure 11 are formed
by coordination bond between the nitrogen atom of PVP
and Zn?* [31]. Figure 11 shows the incomplete coverage with
low concentration of PVP (Figure 11(a)) and the complete
coverage with higher concentration of PVP (Figure 11(b)).
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FIGURE 12: Schematic illustration of various electronic transition
and energy transfer processes in ZnS : Ni-PVP.

It is clear from these above analyzed results of the PL
spectra, PLE spectra, time-resolved PL spectra, and lumines-
cence decay curves of PVP and PVP-coated ZnS : Ni samples
that the energy transition process from surface PVP mole-
cules to the Ni** centers occurs via hot ZnS illustrated as in
Figures 12(a) and 12(b).

4. Conlusion

From the above experimental results, the influence of sur-
face passivation on the luminescence intensity of ZnS:Ni
nanoparticles has been observed due to efficient energy
transfer from the surface PVP molecules to the Ni** centers
in ZnS:Ni nanoparticles. With increasing the PVP con-
centration, the absorption edge of the PVP-coated ZnS : Ni
nanoparticles shows the blue shift, which is explained due
to the influence of PVP concentration on the shift of the
absorption spectra.
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This paper describes the effect of using different titanium precursors on the synthesis and physical properties of SrTiO; powders
obtained by microwave-assisted hydrothermal method. X-ray diffraction measurements, X-ray absorption near-edge structure
(XANES) spectroscopy, field emission scanning electron microscopy (FE-SEM), and high-resolution transmission electron
microscopy (HRTEM) were carried out to investigate the structural and optical properties of the SrTiOs spherical and cubelike-
shaped particles. The appropriate choice of the titanium precursor allowed the control of morphological and photoluminescence
(PL) properties of SrTiO; compound. The PL emission was more intense in SrTiO3 samples composed of spherelike particles. This
behavior was attributed to the existence of a lower amount of defects due to the uniformity of the spherical particles.

1. Introduction

Perovskite-type oxides are some of the most fascinating
materials in condensed-matter research. Strontium titanate,
SrTiO; (STO), is a representative member of this family;
it displays a cubic structure and is an important n-type
semiconductor with a band gap of approximately 3.2 eV [1].

STO has been widely studied and applied in catalyses [2],
resistive oxygen gas sensors [3], solar cells [4], and random
access memory [5]. Several papers have reported that its
potential for technological applications is strongly related to
the crystalline structure, particle size, and morphology [6-8].
Different studies have shown that the route, the precursors,
and/or the parameters of synthesis appear as a key factor
to control the ability to engineer crystal morphologies with
desirable properties [9-12]. For example, it is well known
that morphology and grain size are directly related to
dielectric properties, ferroelectric polarization, and related

materials [13]. Additionally, the photoluminescence (PL)
properties of different perovskite oxide compounds are
dependent on morphological features [7, 14-18].

The interest in compounds with perovskite-type struc-
ture that show PL properties has increased. The PL properties
of disordered ATiOs; compounds, synthesized by polymeric
precursor method, have been extensively studied in our
research group [19-25]. The origin of PL properties in
these materials has been investigated by several experimental
techniques and related to local order-disorder effects around
Ti atoms, that is, the local disorder around the network
former atom [19-23, 25].

X-ray absorption near-edge structure (XANES) spec-
troscopy has been employed to investigate the local structure
around the titanium atoms [19-23, 25-28]. The main
advantage of XANES technique is the possibility to charac-
terize compounds without a long-order periodic structure,



specially amorphous solids. Previous studies on the Ti K-
edge XANES spectra of STO amorphous samples have
showed the existence of two types of Ti symmetries, fivefold
(TiOs) and sixfold (TiOg) coordination [22]. Moreover, in
the case of STO prepared by polymeric precursor method, it
was observed that the reduction in the amount of TiOs units
led to a reduction in the PL intensity [22].

Recently, PL properties have been observed in crystalline
ATiOs prepared by the microwave-assisted hydrothermal
(MAH) method [26, 27]. This method provides kinetic
enhancement, low reaction temperature, and time reduction
and generates compounds with controlled morphology and
size [11, 28]. In this case, the observation of the PL property
has been attributed to a tilt in the TiOg octahedron caused by
the presence of OH™ groups and vacancies in A-site [26, 27].

The influence of synthesis parameters on the physical
properties of STO samples prepared by the hydrothermal
method has been widely investigated [2, 12, 29-34]. How-
ever, to the best of our knowledge, this is the first study that
analyses the effect of titanium precursor on crystal-shape,
photoluminescent, and structural properties of STO powders
synthesized by MAH method.

Motivated by this consideration, this paper reports on the
effect of using two different titanium precursors, titanium
chloride and titanium oxysulfate, on the short-order local
structure and optical and morphological properties of
SrTiOs (STO) powders prepared by the MAH method. The
STO samples were characterized by X-ray diffraction mea-
surements, field emission scanning electron microscopy (FE-
SEM), high-resolution transmission electron microscopy
(HR-TEM), Ti K-edge XANES spectroscopy, and photolumi-
nescence spectroscopy.

2. Experimental

In order to study the effect of titanium precursor, two dif-
ferent solutions of SrTiO; samples, denoted as SAM1 and
SAM2, were prepared.

Sample 1 (SAMI1) was prepared by slowly adding
0.01 mol of TiCly (99.95%, Sigma-Aldrich) to 50 mL of cold
deionized water under stirring to obtain a homogeneous
solution. 0.01 mol of SrCl,-2H,0 (99.9%, Sigma-Aldrich)
was dissolved into the solution under constant stirring
and purged with nitrogen gas (12cm’-min~!) at 60°C.
Then, 50 mL of 6 M KOH (P.A, Sigma-Aldrich) solution was
added to the precursor solution under constant stirring and
nitrogen flux.

For Sample 2 (SAM2) the solution was prepared adding
0.01 mol of TiOSO4-xH,SO4-xH,0 (99.9%, Sigma-Aldrich)
to 50 mL of warm deionized water at 60°C under continuous
stirring and nitrogen flux (12 cm?®-min!). In the sequence,
0.01 mol of SrCl, was dissolved into the solution and a
50 mL of 6 M KOH solution was added to the solution under
stirring and nitrogen flux.

After the addition of KOH solution, each precursor so-
lution was transferred separately in a 110 mL Teflon auto-
clave, sealed, and inserted in the microwave hydrothermal
equipment, using a frequency of 2.45 GHz with maximum
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FiGure 1: XRD patterns of SrTiO; powders obtained using different
titanium precursors: (a) SAM1, and (b) SAM2 samples.

power of 800 W. The precursor solutions were heat-treated
at 140°C for 10 minutes with a heating rate of 140°C-min~!
and under constant pressure of 3 bar. After the synthesis,
the autoclave was naturally cooled to room temperature.
Then, each precipitated white powder was washed with warm
deionized water for several times until attaining a neutral pH.
The powder samples were dried at 80°C for 12 hours in a hot
plate.

X-ray diffraction (XRD) measurements were taken in
a Rigaku Rotaflex RU200B diffractometer, using CuK« ra-
diation. The data were collected in a 26 range from 20 to
100° using a fixed-time mode with a 0.02° step and 5 s/point.
The morphological characterization was performed by field
emission scanning electron microscopy (FE-SEM, Zeiss
SUPRA35) and in a transmission electron microscope
(TEM, JEOL JEM 2010 URP) operating, respectively, at
5 and 200kV. Photoluminescence (PL) spectra were col-
lected by emission spectra obtained in a Fluorolog FL-
322 Horiba/Jobin-Yvon spectrofluorimeter, with a 450 W
xenon lamp for steady-state luminescence spectra and a
Hamamatsu photomultiplier. The emission was corrected
for the spectral response of the monochromators and by
the detector using a typical correction spectrum provided
by the manufacturer. STO samples were excited by 410 nm
wavelength.

The titanium K-edge X-ray absorption spectra were col-
lected at the LNLS (Brazilian Synchrotron Light Laboratory)
facility using the D04B-XAS1 beamline. The LNLS storage
ring was operated at 1.36 GeV and 100-160 mA. XAS spectra
of grounded samples were collected at the Ti K-edge
(4966 V) in transmission mode at room temperature using
Si(111) channel-cut monochromator. XANES spectra at the
Ti K-edge were recorded for each sample between 4910
and 5200eV using energy steps of 0.3eV. Moreover, for
comparison among the samples, all spectra were background
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FIGURE 3: (a) TEM and (b) HR-TEM images of the SAM1 sample.

removed and normalized using the first EXAFS (Extended X-
ray Absorption Fine Structure) oscillation, as unity. XANES
spectra were processed by the Multiplatform Applications for
XAFS code (MAX) [35].

3. Results and Discussions

XRD patterns of STO samples prepared using different
titanium precursors are presented in Figure 1. From the
analysis of this figure, it is clear that all diffraction peaks are
related to a cubic perovskite structure with lattice constant

a = 3.90A and Pm3m (221) space group (JCPDS card no:
35-0734). For SAM1 sample, a lower intensity peak related
to SrCO; phase (JCPDS card no: 05-0418) was observed at
25.3°,

In order to check the morphology of STO samples syn-
thesized with different titanium precursors, FE-SEM images

were obtained. As shown in Figure 2(a), the morphology
of SAM1 sample consists of STO spherical particles of ca.
150 nm, whereas the morphology of SAM2 sample consists
of agglomerated particles in superstructures (~1.5ym),
exhibiting a cubelike shape. Figure 3 shows the TEM images
of SAM1 sample. Although the apparent morphology of this
sample has a nanospherical-like shape at around 150 nm, the
TEM and HR-TEM images presented in Figures 3(a) and
3(b) reveal that these nanoparticles consist of aggregates of
small nanocrystals of ca. 25nm. From the analysis of an
expanded HR-TEM image in Figure 3(b), the nanocrystal
interplanar distance was determined as 0.28 nm and related
to the (110) crystallographic planes of STO perovskite cubic
structure, which agrees with XRD results. It is also possible
to observe that the nanospherical particles present a lower
contrast between the crystallites, showing the existence of
nanopores separating the primary particles, already observed
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during the process of STO nanostructures growth [36, 37].
Calderone and co-workers studied the synthesis of STO
nanostructures by coprecipitation method and proposed
that the aggregates were composed of small nanocrystals
originated from an oriented attachment assisted by the self-
assembly process of small primary nanocrystals [32]. As seen
in the TEM images of SAM1 sample, the aggregation of
these small particles is irreversible and occurs in a highly
oriented manner, leading to the elimination of the interface
of adjacent crystals. This growth mechanism has been also
observed in several compounds synthesized by hydrothermal
method [10, 38—40].

Figure 4 shows the photoluminescence (PL) emission
spectra at room temperature of SAM1 (spherelike) and
SAM2 (cubelike) samples. The PL spectra exhibit a broad
blue emission centered at 460 nm for SAM1 sample and
between 440 and 460 nm for SAM2 sample. Comparing
both samples, it is clear that the SAM1 sample shows a
higher emission intensity compared to SAM2. This behavior
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has been observed in samples with particles that exhibit
a spherical geometry and higher emission intensity than
particles with other morphologies [7, 15, 17]. According to
these studies, the intrinsic geometry of the spherical particles
minimizes the scattering of light from the particle surfaces in
comparison to a cube-shaped particle [7, 15, 17]. Besides, the
enhancement of the PL emission can also be attributed to a
reduction in the surface defects and the higher uniformity in
shape of the superstructures 7, 14, 17].

Several papers have reported the relationship between the
local order structure of titanium atoms and the photolu-
minescent properties of titanate compounds synthesized by
polymeric precursor method [19, 20, 22, 23, 25]. According
to Longo and co-workers, the reduction in the PL intensity
in function of the annealing temperature of STO samples
is due to a reduction in the local disorder around titanium
atoms [22]. In order to check the dependence of the local
order structure of the studied samples and the behavior of
PL as a function of titanium precursor, Ti K-edge XANES
spectra of STO samples were measured and are shown in
Figure 5. These spectra present four pre-edge transitions
labeled P1, P2, P3, and P4. Transition P1 is caused by a
quadrupole excitation of 1s electron to ¢, orbitals of the TiOs
octahedron [41], while transition P2 occurs due to the Is
electron transition to the unoccupied 3d level; this forbidden
electronic transition can be allowed if there occurs a mixture
of oxygen 2p states and empty titanium 3d states [27, 42].
The intensity of peak P2 has shown to be sensitive to the local
structure around titanium atoms [19, 43]. Transitions P3 and
P4 are assigned to the dipole excitation of the 1s electron
into the 5, and e, orbitals of the neighboring TiOs octahedra
[41, 44].

As observed in Figure 5, Ti K-edge XANES spectra of
SAMI1 and SAM?2 samples are very similar, especially in the
pre-edge region (4960 to 4980 eV), with a pre-edge typical of
sixfold coordination (TiOg) compounds [22, 45]. Moreover,
after the edge, the oscillations observed in both samples
are also quite similar, indicating the same neighborhood
around the titanium atoms. Based on the analysis of the
XANES spectra, it can be stated that the titanium atoms local
symmetry, that is, the TiOg octahedra, and the medium-
range order around titanium atoms are not affected by
the use of different titanium precursors employed in the
synthesis of STO powders. This result has confirmed that the
variation observed in the PL emission is more related to the
particle morphology of SAM1 and SAM2 samples.

4. Conclusion

This study has evidenced that an appropriate selection of
titanium precursor allows a control of morphology and PL
property of STO powders obtained by using the microwave-
hydrothermal method. The use of titanium chloride as the
precursor leads to the formation of STO samples of spherical
morphology, whereas cubelike particles are formed by the
spontaneous assembly of small primary nanocrystals when
titanium oxysulfate is used as a precursor. The analysis of
XANES spectra allowed observing that change in the crystal
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morphology does not affect the local order symmetry of
TiOg octahedra as well as the medium range order around
titanium atoms. The PL emission was more intense in
spherelike particles in comparison to cubelike particles. This
behavior was attributed to the existence of a lower amount of
defects due to the uniformity of the spherical particles.
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ZnO is emerging as one of the materials of choice for UV applications. It has a deep excitonic energy level and a direct bandgap
of ~3.4eV. Alloying ZnO with certain atomic constituents adds new optical and electronic functionalities to ZnO. This paper
presents research on Mg Zn;_,O and ZnS,;_,O, nanocrystalline flexible films, which enable tunable optical properties in the deep-
UV and in the visible range. The ZnO and Mg, ;Zn, ;O films were found to have bandgaps at 3.35 and 4.02 eV, respectively. The
photoluminescence of the Mg, ,Zn, ;0 exhibited a bandedge emission at 3.95 eV, and at lower energy 3.38 eV due to the limited
solubility inherent to these alloys. ZnSy 760024 and ZnSg 160084 were found to have bandgaps at 3.21 and 2.65 eV, respectively.
The effect of nitrogen doping on ZnS 16054 is discussed in terms of the highly lattice mismatched nature of these alloys and the

resulting valence-band modification.

1. Introduction: The Mg, Zn, ,O and
ZnS,_, 0, Alloy Systems

Zinc oxide (ZnO) is a direct bandgap semiconductor with
a bandgap of ~3.37 eV at room temperature and relatively
deep excitonic binding energy of 60 meV, both attributes of
which make ZnO an efficient UV optical material at and
above room temperature [1-6]. Due to their environmentally
friendly chemical nature, resistivity to harsh environments,
and deep excitonic level, ZnO as well as Mg, Zn;_,O (where
x is the composition) are emerging materials capable of high-
efficiency luminescence in a wide range of the ultraviolet
(UV) spectrum [6-8].

ZnO has the hexagonal wurtzite structure, while MgO
has the NaCl cubic structure with a direct bandgap ~7.5eV
and excitonic binding energy ~140meV [9, 10]. Alloying
these two provides a family of materials with tunable optical
and electronic properties. Although the atomic sizes of Mg
and Zn are comparable, that is, Mg, Zn;_,O is considered to
be a lattice-matched system, due to the two different crystal
structures the two oxides do not show complete solid solubil-
ity. Despite this inherent property, Mg Zn; 1O alloys with
tunable optical properties over a large composition range

have been realized [7, 8, 11, 12]. The exact properties were
found to be somewhat growth dependant; the general trend
of the bandgap behavior indicates that at Mg composition
up to ~35% the alloy is soluble and has mainly the wurtzite
structure with bandgap spanning the range of ~3.4—4eV.
At the composition range of ~35%-60% (referred to as
the transition range), the alloy is phase separated into the
wurtzite and the cubic structures, and at Mg composition
above ~60% it has the cubic structure and bandgaps tuned
in the range ~5-7 eV. Figure 1 presents a general schematic
of the bandgap behavior of the Mg, Zn, _,O alloy system.
Another alloy system that may be proven to be very
useful is ZnS; O, that potentially should allow tuneability
into the visible range. To date, very little is known about its
material, electronic and optical properties [13]. ZnS with the
zinceblende structure has a direct bandgap ~3.84eV [14].
The substituting anions in the ZnS,_,O, alloy have large
differences in size and chemical properties: the covalent radii
of sulfur and oxygen are 1.02 A and 0.73 A, respectively, and
their electronegative values are 2.58 and 3.44. This alloy is
considered to be a highly lattice mismatched system. As a
consequence, the ZnS;_,O, alloy system has been predicted
to have unusual material properties that should add new
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Figure 1: Diagram describing the behavior of the bandgap of
Mg Zn;_,O as a function of Mg composition.

functionality to ZnO [14, 15]. First-principle plane-wave
calculations by Moon et al. on highly mismatched II-VI
alloys have predicted that these alloys possess huge bowing
coefficients, that is, a significant deviation from linearity
upon going from one end member of the alloy to the second
[14]. Figure 2 presents the calculated bandgap of ZnS;_,Oy
as a function of composition x [14]. In general terms,
the cause of the large bowing parameter of these highly
mismatched alloys has been attributed to hybridization and
creation of resonance defect-like states at the gap edges.
For example, at the low regime of sulfur concentration, the
bowing into the visible is due to the raising of the valence
band, while the conduction band is only slightly affected by
the alloying [15]. Several groups reported similar unusual
alloy properties of other highly mismatched systems such as
GaAs,N;_, and GaN;_,Bi, [16-18]. In Figure 2, the square
dots represent our experimental result that will be discussed
in detail in the following sections. The advantages of having
a highly lattice mismatched alloy is that for a relative small
concentration of sulfur a significant modification of the
bandgap can be attained that enables optical properties in
the visible.

2. Experiment

The substrate used for the experiments is commercially
available fluorinated ethylene propylene (FEP), also known
as Teflon FEP, which is flexible and UV-transparent. The
ZnO and the Mg,;Zn;;O samples were grown at room
temperature on prepared FEP substrates utilizing magnetron
sputtering of Zn and Mg—Zn targets, respectively, under
argon plasma. The samples were then oxidized for 2 hours
under an atmosphere of 99.99% pure oxygen at a tempera-
ture of 275°C. The ZnS,0,_y films were grown by a reactive
RF magnetron sputtering system, at 300°C, using a ceramic
ZnS target and argon as the sputtering gas. In addition to
the argon, controlled amounts of oxygen and nitrogen were
introduced during the growth process so to achieve nitrogen-
doped ZnS,O; _ films. The nitrogen pressure in the chamber
was approximately 2.1 X 10~ Torr. The films were sputtered
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at 50W for 1.5 hours. The nitrogen incorporation was
verified by X-ray photoelectron spectroscopy (XPS). The
compositions of the alloys were determined via energy
dispersive spectroscopy (EDS).

The photoluminescence (PL) experiments utilized a
JY-Horiba micro-Raman/PL system consisting of a high-
resolution T-64000 triple monochromator and a UV con-
focal microscope capable of focusing to a spot size of ~
lym diameter. A CW-Kimmon laser with a wavelength
of 325nm (3.8eV) and a Lexel Laser at 244nm (5.1eV)
were used as the excitation source for the PL, and the
cold temperature PL measurements were conducted in an
INSTEC UV-compatible microcell. The subgap PL spectra
were obtained, at room temperature, using a JY-Horiba
FluoroLog-3 spectrofluorometer with a 450-W xenon lamp
as the excitation source at 490 nm. The transmission spectra
were acquired at room temperature using an Agilent Cary-
300 system. The transmission data were acquired with
a double-beam technique, and the data were normalized
relative to the transparent region. Both procedures allow us
to neglect equipment response as well as Fresnel reflections
and scattering losses at the long wave length limit up to near
the bandgap value.

3. Results and Discussion

Figures 3 and 4 present scanning electron microscope (SEM)
images and photographs of the ZnO and Mg ;Zn, ;0 flexi-
ble films [6], and Figure 5 presents those of the ZnSg 1600 .84.
As is depicted in the figures, the morphology of the
films is structured: in the nanoscale regime for ZnO and
Mg, ;Zn, ;0 and at submicron regime for ZnSp 1600.84. An
extended discussion on the material properties of our flexible
films can be found in [6]. In order to estimate the bandgaps
of the alloys, transmission spectra were acquired at room
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FIGURE 3: A photograph and an SEM image (inset) of the ZnO
nanocrystalline film.

3

FIGURE 4: A cross section SEM image of the Mg, ,Zn, ;O films.

temperature and are presented in Figures 6(a) and 6(b). As
can be seen in the figure, the alloys exhibit a rather broad
absorption edge that is attributed to localized states due to
the inherent alloy disorder and phase segregations. When the
absorbance bandgap is not sharply defined, the usual method
of extrapolation [20] may not render good results. To
estimate the bandgap in such cases, transmission derivative
procedures can be utilized, which were successfully used
previously for the analysis of the bandgaps of Mg Zn,_,O
and In,Ga;_4N [6, 21-23]. In the following, we present
the derivation of the method applicable to direct bandgap
transitions.

The transmission through a film may be approximated as
(20, 24]

T(E) = [1 — R(E)]?e )", (1)

where E is the energy of the incident light, R is the reflectance,
and ¢ is the thickness of the film. In (1), the absorption
coefficient & may be written as [25]

a(E) = %JE—E, (2)

where #,.(E) is the energy-dependent index of refraction
and C is a constant. In obtaining the transmission derivative

FIGURe 5: A photograph (a) and an SEM image (b) of the
ZnSp 160084 nanocrystalline film.

one needs to consider the behavior of the reflectance near
the bandgap energy. It can be shown that as E — E,, the
quantities 1 — R(E) and dR(E)/dE remain finite at energies in
the vicinity of E, due to the existence of a band tail which
prevents a singularity-type behavior. Experimental results
concerning ZnO thin film properties indeed found that the
reflectance and its derivative are well-behaved quantities near
the bandgap energy [26]. Consequently, for the purposes of
our analysis we may write the transmission through a direct
gap semiconductor as

T(E) _ e—C*(l/E q,(E))ﬂ/E—Eg’ (3)

where C* = Ct. The first derivative of T'(E) with respect to
energy is then

= c[ ot SVE— Eg
dn,(E) VE — Eg 1 }

dE E(n,.(E))*  2En,(E)JE - E

L 1
. exp[—C W\ E—Eg ],

(4)
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FIGURE 6: The transmission spectra of the ZnO and Mgj3Zn,;0
films (a) and those of the ZnSg 760¢.24 and ZnSy 160084 (b). The inset
in (a) is the transmission spectrum of the FEP substrate.

and at the limit E — E,, one gets

. dT N 1

ElerElng— 1C ( 0 0+0>—» 0, (5)
which yields a spike towards negative infinity at E = Eg. It
was assumed that d#, (E)/dE is continuous around E, due
to band tail states as was discussed in [27, 28]. Thus, a
plot of dT/dE versus E will exhibit a strong singularity at
the bandgap energy. In realistic cases, absorption tails exist,
which soften the divergence and result in well-defined peaks
around the gap energy, as also can be seen in Figure 7.

From Figure 7, the ZnO film has a bandgap of ~3.35eV
at room temperature, which is consistent with previous
reports [29], while that of Mg, ;Zng;0 is at ~4.02¢V, a
value similar to that previously observed for thin films grown
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via the pulsed laser deposition [7]. The bandgap of the
ZnSp.1600.84 and ZnSy 760024 alloys are 2.65 and 3.21eV,
respectively, values which agree with those predicated from
the first-principle plane-wave calculations presented in
Figure 2 [14]. As such the transmission derivative method
estimates well the bandgap of our materials.

The PL properties of the films presented in Figures
8 and 9 show that the Mg, ;Zny;O film has two optical
emissions: one at 3.38 and the other at a 3.95eV. At Mg
composition of ~30%, the sample is expected to be phase
segregate due to the limited solubility of the MgO-ZnO
solid solution (see Figure 1). Accordingly, the peak emissions
at 3.38 and at 3.95eV are attributed to ZnO-rich and
to MgO-rich domains, respectively. The ZnSg 160054 film
was found to luminesce at the visible range of 2.48¢V;
however, the PL intensity was only visible at 77K, and
the PL of the ZnSy760024 was found to be extremely
weak. The low efficiency of the PL may be a result of a
significant concentration of structural defects due to the
highly mismatched nature of this alloy system. As can be seen
in Figure 5(b), the morphology of the sample is very coarse,
unlike that of the MgZnO film presented in Figure 3. These
structural defects may act as nonradiative centers impeding
the PL efficiency.

Mapping of the bandgap via luminescence is a very infor-
mative technique for the study of deep impurities and defect
centers in ZnO. ZnO has been found to have a characteristic
broad In-gap PL with components in the green, yellow, and
red part of the spectrum [30-32]. Although the origins of
these PL are as yet under investigation, the consensus is
that they are related to oxygen and zinc vacancies as well as
to interstitial oxygen. In addition to those intrinsic centers,
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FIGURE 9: The PL spectrum of the ZnS; 160054 sample. The PL was
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Figure 10: The In-gap PL of a nitrogen-doped ZnO (from [19])
and that of nitrogen-doped ZnS 160034 film.

it was established that nitrogen doped ZnO also exhibits
a broad in-gap PL at ~1.7eV [19, 33]. Recent findings
concerning the characteristics of nitrogen in ZnO found that
nitrogen is a deep acceptor with acceptor level 1.3 eV above
the valence band maximum [19, 34].

Unlike the deep level of nitrogen in ZnO, in ZnS;_,O
the acceptor level was predicated to be relatively shallow for
the low regime of sulfur concentration [15]. As was discussed
in the introduction, this comes about due to the rising of
the valence band toward the acceptor level upon alloying.
The implication of the phenomenon is that p-type doping
might be realized in lightly alloyed ZnO. Figure 10 presents
the in-gap PL spectrum of nitrogen-doped ZnO taken from
[19] and that of the ZnSy 16004 film that exhibits a broad
PL band at ~ 1.88¢V. The close proximity of the two peak
positions and their similar linewidths suggest that that PL of
the ZnSy 160034 is due to nitrogen centers. Based on the in-
gap PL emission, and the bandgap found for the ZnSy 1600.54,
a tentative bandgap diagram is presented in Figure 11 for
which the nitrogen impurity has a level of ~0.37 eV above
the valence band. In this diagram, it was assumed that
the lattice coupling of the nitrogen center in ZnSp 1600 84
is similar to that calculated for the same center in ZnO,
that is, ~0.4eV; for a smaller coupling, the nitrogen level
should be a little higher and is at ~0.77 eV above the valence
band in the limiting case of no coupling. For intermediate
coupling energy ~0.22eV, the nitrogen level will be at
0.55 eV, which is aligned with that of ZnO. Several factors
may impact the observed in-gap PL energies, such as residual
stress and structural defect-states, that might cause some
discrepancy between the theory and experiments. Study of



CB

1.7eV

1.88eV

2.65eV

34eV

N

(3}
=

0.4eV

1.3eV ZnS0.1600.84

ZnO:N VB

FIGURE 11: A schematic of bandgap diagram of the samples
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nitrogen-doped ZnS films demonstrated that effective p-
type conductivity can be readily attained, and a shallow
nitrogen acceptor level about 0.19 eV above the valance band
was suggested [35]. Thus, ZnS;_,Ox may have potential as
a material component in ZnO-based devices when p-type
doping is required.

4. Conclusions

ZnS()_16OO.34, ZnSo_7600'24, ZI]O, and Mg0_3Zn0,7O nanocrys-
talline films were grown via a sputtering technique on a
flexible substrate with the objective of achieving ZnO-based
alloys with bandgaps spanning the visible to the UV. The
bandgaps of the films were found to be 2.65, 3.21, 3.35,
and 4.02 eV, respectively. The PL spectra of the Mg 3Zn, ;0
exhibit a band-edge peak at 3.95 eV, and one at 3.38 eV that
is attributed to a Zn-rich MgZnO segregates that arise from
the inherent low solubility limit of this alloy system. The PL
intensity of the ZnSy,160¢.84 and ZnSy 7600 .24 films was found
to be extremely week. Structural defects, arising from the
highly mismatched alloy constituents, were discussed to be
the nonradiative optical centers. Future study will investigate
whether the ZnS;_,Oy alloy system possesses an efficient PL.
The ZnS,1600.54 was found to have an in-gap PL attributed
to nitrogen centers, and a nitrogen energy level at the range
~0.37-0.77 eV relative to the valence-band was proposed.
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A new light-emissive material, bis(3H-1,2,3-triazolo-[4,5-b]pyridine-3-ol)zinc (Zn(TAP),), has been synthesized and character-
ized by FT-NMR, FT-IR, UV-Vis, and elemental analysis. The photoluminescence (PL) of Zn(TAP), was measured from the DMF
solution at 460 nm. The HOMO (6.5¢V) and LUMO (2.8 eV) energy levels of Zn(TAP), were estimated from the measurement
of cyclic voltammetry. The devices with structures of ITO/NPB/Zn(TAP),/LiF/Al and ITO/NPB/Zn(TAP),/Alqs/LiF/Al were
constructed to investigate their electroluminescent (EL) performance. Zn (TAP), is supposed to be a good emitting material in the

EL device.

1. Introduction

Organic light-emitting diodes (OLEDs) are believed to be the
next-generation flat panel displays due to low driving volt-
age, high contrast, ease of fabrication, wide viewing angle,
and low cost [1-5]. Even now they have already become
cheaper than their inorganic counterparts. In this field, the
development of novel luminescent organic/organometallic
compounds is a key to enhance the performance of organic
and polymeric light-emitting devices. Luminescent chelate
complexes have shown to be particularly useful in OLEDs
because of their relatively high stability and volatility. Alqs
is the most well-known example of such chelate compounds,
where q is the 8-hydroxyquinolinato ligand, which is both
a good emitter and a highly efficient electron-transporting
material [6, 7].

Since the first OLEDs with Zn complexes were reported
in 1993 [8], synthesis of novel zinc complexes as active ma-
terials for OLEDs have focused on improving electron
mobility or producing a blue shift emission compared to
Znq, [9, 10]. The electroluminescent performance of zinc

complexes as the emitter is just comparable with that of Alqs
[11]. However, in many instances, the electron-transporting
mobility of zinc complexes goes beyond that of Alqs [12]. So
zinc complexes may be potential candidates to enhance the
electron-transporting properties for OLEDs.

Zn** ion is the only oxidation state of zinc atom
and has no unoccupied valence electron orbits. Therefore,
the oxidation and reduction of zinc complexes are mainly
carried out in the ligands, that is, luminescence and charge
transporting may be ascribed to intraligand electronic tran-
sition. One simple way to adjust the emission wavelength
is to manipulate substituents in the 8-hydroxyquinoline
rings or to modify the chemical structure. C2 position-
substituted bis(2-methyl-8-hydroxyquinoline)zinc (ZnMq)
[13], C5 position-substituted bis(8-hydroxy-5-piperidin-
ylsulfonamidoquinolate)zinc (Zn(QS),) [14] and (ZnLn),-
2H,0 (Ln = 5-amido-substituted-8-hydroxyquinolinate lig-
and) [11] have been reported one after the other. These
complexes showed more or less either blue-shifting or red-
shifting with reference to Znq,. In our previous reports,
[2-(2-hydroxyphenyl)benzoxazole]zinc [15] Zn(HPB), and
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FIGURE 1: Synthetic scheme of Zn(TAP),.

zinc [16] Zn(MHB), have shown to be good materials for
OLED:s as hole blocking layer and emitting layer.

In this paper, (3H-1,2,3-triazolo-[4,5-b]pyridine-3-ol)
zinc Zn(TAP), was synthesized and primarily applied as
an emitting layer (EML) based on its energy gap level of
3.7eV. Two types of OLEDs devices with the structures
of ITO/NPB(40 nm)/Zn(TAP),(60 nm)/ Algs (5 nm)/LiF/A1
and ITO/NPB(40 nm)/Zn(TAP),(60 nm)/LiF/Al are fabri-
cated by considering the balance of carriers injection and
transportation as well as the matching of the energy level.
The photoluminescent (PL) and EL properties of Zn(TAP),
were investigated.

2. Experimental Details

2.1. Materials and Characterization Equipments. 3H-1,2,3-
triazolo-[4,5-b]pyridine-3-o0l (>98%) and sodium hydroxide
were purchased from TCI, and Zinc acetate dehydrate
(>99%) was purchased from Fluka and used without further
purification unless otherwise noted. Solvents were purified
by normal procedures and handled under moisture-free
atmosphere. The optical absorption spectra were measured
by a Shimadzu UV-2501 PC Spectrometer. The PL spectrum
was measured using a Perkin-Elmer LS45 luminescence
spectrometer. The characteristics of the current density-
voltage-luminance (I-V-L) and the efficiency were measured
by IVL 300 series (JBS Inc.).

2.2. Synthesis of [3H-1,2,3-triazolo-[4,5-b]pyridine-3-ol]zinc
Zn(TAP),. The synthetic scheme of Zn(TAP), is shown in
Figure 1. The synthesis of Zn(TAP), was followed the closely
related literature procedure and our previous works [15-18].
First, a solution of zinc acetate dihydrate (0.211 g, 1 mmol)
in methanol (5mL) was gradually added to a DMF solu-
tion of 3H-1,2,3-triazolo-[4,5-b]pyridine-3-ol (TAP) (0.27 g,
2mmol) and sodium hydroxide (0.08 g, 2mmol) in 5mL
methanol. After the mixture was stirred for 8h at room
temperature under N, a yellow precipitate was produced.
The yellow precipitates were collected by filtration and
purified by recrystallization from DMF and water and dried
under vacuum. Anal. Calc. for C10HgNgO,Zn, C: 35.79, H:
1.80, N: 33.39. Found (%) C: 35.02, H: 1.82, N: 33.41. 'H-
NMR (300 MHz, [D¢] DMSO, ppm) é 8.25 (2H), 8.20 (2H),
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7.22 (2H). BC-NMR (75 MHz, [Ds] DMSO, ppm) & 146.06,
137.85, 134.25, 128.56, 119.90. FT-IR (KBr, cm™!): 3402,
3166, 2305, 1657, 1597, 1394, 1153, 801. UV-Vis (nm, in
DMF): 206, 282, 342, 406. (Reference UV-Vis (TAP): 265,
283, 406.).

2.3. Fabrication of EL Devices. The OLEDs containing
Zn(TAP), were fabricated by the vacuum deposition. The
substrate was ITO-coated glass with a sheet resistance of 10Q
per square. The ITO-coated glass was pretreated according
to a regular chemical cleaning procedure using detergent,
deionized water and alcohol in sequence, and finished with
UV-ozone method. The thermal evaporation of organic
materials was carried out at a chamber pressure of 5 x
107 torr. The emission area of each device was 3 x 3 mm?.
All the organics were evaporated with a rate in the range of
0.1-0.3 nm/s. The metallic cathode was evaporated at higher
rate (0.8—1 nm/s) with keeping the vacuum level.

3. Results and Discussion

3.1. Structure Characterization and PL Properties of
Zn(TAP),. The chemical structure of the zinc complex was
determined from FT-IR, UV-Vis, and '"H-NMR and '3C-
NMR. The FT-IR spectrum of Zn(TAP), is shown in
Figure 2(a). The high-frequency region (3300-3000cm™!)
contains absorption bands originating mainly from localized
C-H stretching vibrations, although the broad band
around 3500 cm™! is still shown due to the hydration. The
mid-frequency region (1700-1000cm™!) corresponds to
in-plane stretching and bending of heavy atom vibrations.
In the low-frequency region (below 1000cm™'), the
out-of-plane modes are observed. The bands centered at
1657 and 1597 cm™! are assigned to the C=C stretching
vibration involving the TAP ligand. The bands observed
at 1496 and 1476 cm~! should correspond to a C=C/C=N
stretching associated with the TAP mobility in Zn(TAP),.
The absorption band at about 1100 cm™!should be assigned
to the C-O stretching vibration frequency at the C-O-M
site. The spectrum showed a sharp absorption band at about
1153 cm™!. However, the absorption bands by Zn—O or Zn—
N were not detected in the lower frequency region. During
handling the complex sample, it showed a blue emission
in DMF solution under the UV-lamp (exciting wavelength,
365nm). The UV-vis absorption and photoluminescence
(PL) spectra of the Zn(TAP), are, respectively, shown in
Figures 2(b) and 3. The UV-vis absorption and PL spectra
were measured in the DMF solution. The absorption
spectrum of the Zn(TAP), exhibited the peaks at around
265, 282, 342, and 406 nm, which are attributed to m-m*
transition of 3H-1,2,3-triazolo-[4,5-b]pyridine-3-ol ligand
and the metal complex. The PL spectrum of Zn(TAP),
exhibits a maximum at around 460 nm (exciting wavelength,
350nm). Figure 4(a) shows the 'H-NMR spectrum of
3H-1,2,3-triazolo-[4,5-b]pyridine-3-ol with chemical shifts
(6) of 7.5 (1H), 8.5 (1H), and 8.7 (1H) ppm, which belong to
the aromatic protons, and 13.8 ppm by the OH group. The
'"H-NMR spectrum of the Zn-complex (Figure 4(b)) agrees
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with the moiety of 3H-1,2,3-triazolo-[4,5-b]pyridine-3-ol
in Figure 4(a) with blue shift. It shows the peaks (§) of 8.25
(2H), 8.20 (2H), and 7.22 (2H) ppm by the aromatic protons
and the peak by the OH group disappears along with the
complex formation. The '*C-NMR spectrum (Figure 4(c))
also supports the chemical structure from five 'H-decoupled
13C-peaks (8 146.06, 137.85, 134.25, 128.56, and 119.90) due
to the aromatic ring.

3.2. Electrochemical Properties of Zn(TAP),. The energy
band diagrams of the Zn(TAP), were determined from
the HOMO and LUMO energy levels and the band gaps,
which were calculated from cyclic voltammetry (C-V) [19].

The C-V measurement was performed with a solution of
tetrabutylammonium tetrafluoroborate (BusNBF,) (0.10 M)
in acetonitrile at a scan rate of 400 mV/s at room temperature
under the protection of argon. A Pt wire and an Ag/AgCl
electrode were used as the counter electrode and reference
electrode, respectively. From the onset potential for the
oxidation, the HOMO energy level of the Zn(TAP), was
estimated by considering the energy level of the reference
ferrocene/ferrocenium (Fc/Fc+) redox couple [20]. The
oxidation onset potential of Zn(TAP), was +1.7V, and the
reduction onset potential was found to be —2.0 V as shown in
Figure 5. From these onset potentials of the oxidation and the
reduction of cyclic voltammograms, the HOMO and LUMO
energy were calculated as 6.5 and 2.8 eV, respectively, with an
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FiGURE 4: '"H-NMR spectra of (a) TAP and (b) Zn (TAP), and (c) *C- NMR spectrum of Zn (TAP),.

Eg of 3.7 eV. Figure 6 shows the work functions of electrodes
and HOMO and LUMO energy levels of the materials
for ITO/NPB/Zn(TAP),/Alqs/LiF/Al device. It illustrates the
possible combination of electrons and holes in the Zn(TAP),
layer.

3.3. Electroluminescence Properties. The normalized electro-
luminescence (EL) spectrum is shown in Figure 7(a). To

investigate the EL properties of the Zn(TAP),, devices
with the configuration of ITO/NPB/Zn(TAP),/Alqs/LiF/Al
and ITO/NPB/Zn(TAP),/LiF/Al were fabricated. And to
decrease the operating voltage and to achieve the best
OLEDs performance of the devices, we optimized the
thicknesses of emitting layer. The EL spectrum of the
device shows maximum emission at the A, = 448 nm,
considerably blue-shifted compared to the PL spectrum.
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The current density-voltage-luminance (I-V-L) and current
density-efficiency characteristics of the device are shown
in Figures 7(b), 7(c), and 7(d). The device showed
a turn-on voltage as low as 5 V. For the ITO/NPB(40 nm)/
Zn(TAP),(60 nm)/Alqs(5 nm)/LiF/Al device driven at a cur-
rent density of 2,100 mA/cm?, the maximum luminance of
2,800 cd/m? was achieved with an efficiency of 1.85Im/W.
In addition, we constructed another device without Algs as
ITO/NPB(40 nm)/Zn(TAP),(60 nm)/LiF/Al to compare the
component performance. In this case, at the current density
of 1,500 mA/cm?, the maximum luminance of 1,800 cd/m?
was achieved with an efficiency of 1.251m/V. Therefore, the
performance by the first device was better than the later one.
It means that the Alqs with the thickness of 5nm played
as the electrons transport layer (ETL), which increased the

combination of electrons with the holes in the emitting layer
of Zn(TAP),. We expect that the EL performance could
be further improved by introducing other buffer layers or
applying the zinc complex to electron balancing layer.

4, Conclusion

We synthesized a novel blue emitting material, [3H-1,2,3-
triazolo- [4,5-b]pyridine-3-ol]zinc Zn(TAP);). In DMF solu-
tion, Zn(TAP), showed strong blue photoluminescence
around 460 nm and the EL device showed blue emission at
Amax of 448 nm. The blue emitting device using Zn(TAP), as
emitting material showed the luminance of 2,800 cd/m? at
12 V. The preliminary electrical characteristics of Zn(TAP),
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suggest that its related compounds can be possible candidates

for the OLEDs materials.
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The preparation of nanometer-sized structures of zinc oxide (ZnO) from zinc acetate and urea as raw materials was performed
using conventional water bath heating and a microwave hydrothermal (MH) method in an aqueous solution. The oxide formation
is controlled by decomposition of the added urea in the sealed autoclave. The influence of urea and the synthesis method on the
final product formation are discussed. Broadband photoluminescence (PL) behavior in visible-range spectra was observed with
a maximum peak centered in the green region which was attributed to different defects and the structural changes involved with
ZnO crystals which were produced during the nucleation process.

1. Introduction

Zinc oxide (ZnO) is a well-known semiconducting material
with photoluminescent and electric conductivity which has a
band gap value of 3.37 eV and an excitation energy band of
60 meV at room temperature [1, 2]. With these properties,
ZnO has a wide area of application such as solar cells [3, 4],
catalysis [5, 6], sensors [7], laser diodes [8], and varistors [5,
9]. Chemical and structural properties of ZnO particles are
very important in these applications; different preparation
methods for this oxide were used by various researchers
such as a sol-gel process [10], homogeneous precipitation
(5], thermal decomposition [11], microwave heating [12],
a conventional hydrothermal method [13-17], a polymeric
precursor method [10], and an MH-assisted method [18,
19]. The characteristics of the powders obtained for specific
applications are determined by the crystal size, morphology,
porosity, crystal type, and particle shape [6, 20, 21].

The use of polymers or surfactants [22, 23] to prepare
zinc oxide nanoparticles is advantageous due to a surface
modification process which eliminates agglomeration during

synthesis and controls the morphology and the shape of
developed ZnO nanocrystals. However, repetitive washing
and centrifugation is required with appropriate reagents such
as absolute ethanol and distilled water. Therefore, directly
controlling experimental factors to obtain nanoparticles with
ideal morphologies is a significant objective which is essential
for future device application [24]. Furthermore, the MH
method has commanded intensive interest due to simple
manipulation, low cost, clean technology, and short synthesis
time [25-27].

In this paper, the effect of the synthesis method on
the formation of zinc oxide nanostructures in an aqueous
solution was investigated. Thus, we prepared this oxide using
conventional water bath heating and the MH method using
urea as one of the reactants. The samples were characterized
by field emission gun scanning electron microscopy (FE-
SEM) and Raman spectroscopy. The formation of a hexag-
onal ZnO wurtzite phase was verified by X-ray diffraction
(XRD) patterns. The morphology, growth mechanism, and
PL properties were recorded.



2. Experimental

2.1. Synthesis. Zinc oxide nanostructures were obtained:
zinc acetate (Zn(CH;COO);-2H,0) (99%, Aldrich) and
urea (CO(NH3),) (99%, Synth) (1:1 stoichiometry) were
dissolved in deionized water under constant agitation. A
potassium hydroxide (KOH) (3.0 mol/L solution) was added
until the pH reached 12 followed by stirring at room
temperature for 15 min.

The solution was then heated by two different methods:
conventional water bath heating and the MH method. In
the MH heating, the solution was transferred to a Teflon-
lined stainless steel autoclave, sealed, and placed in domestic
microwave (2.45 GHz) which was maintained at 100°C for 2
and 8 min. The pressure in the sealed autoclave was stabilized
at 1.0 atm. The autoclave was cooled to room temperature
naturally. A white product was separated by centrifugation,
washed with deionized water and ethanol, and dried at 60°C
in air.

2.2. Characterization of Samples. The powders obtained
were structurally characterized by XRD using a Shimadzu
XRD 6000 (Japan) equipped with CuK oc radiation (A =
1.5406 A) in the 20 range from 10° to 80° with 0.02°/min
scan increment. The morphology was characterized by FE-
SEM (Supra 35-VP, Carl Zeiss, Germany). Raman spectra
were recorded on a RFS/100/S Bruker FT-Raman spectrom-
eter with a Nd:YAG laser providing an excitation light at
1064.0nm and a spectral resolution of 4cm™'. The PL
was measured with a Thermal Jarrel-Ash Monospec 27
monochromator and a Hamamatsu R446 photomultiplier.
The 350.7 nm exciting wavelength of a krypton ion laser
(Coherent Innova) was employed, and the nominal output
power of the laser was maintained at 550 mW. All measure-
ments were made at room temperature.

3. Results and Discussion

XRD patterns of samples obtained using conventional water
bath heating and the MH method for 2 and 8 min are
shown in Figure 1. The results revealed that all diffraction
peaks can be indexed to the hexagonal ZnO structure which
shows good agreement with data reported in the literature
(JCPDS card number 36-1451). The strong and sharp peaks
indicate that the zinc oxide powders are highly crystalline and
structurally ordered at long range. These results show that
the MH processing promotes the complete crystallization of
ZnO samples at low temperatures and reduced processing
time. No secondary phases were detected.

Five active Raman modes can be observed for ZnO
samples: (i) at 437cm™! a narrow strong band has been
assigned to one of the two E; modes involving mainly a
Zn motion which is a band characteristic of the wurtzite
phase [35]; (ii) bands at approximately 332 cm™!and several
common low-frequency features should be assigned to the
second-order Raman spectrum arising from zone boundary
phonons 3E;p-Epp; (iii) at 530 cm™!, a very weak band
from the E; (LO) mode of ZnO associated with oxygen
deficiency [36]. Its intensity depends upon the crystallinity,
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Figure 1: XRD patterns of the ZnO sample obtained by (a)
conventional water bath heating, (b) the MH method for 2 min, and
(c) the MH method for 8 min.

preparation method and crystal orientation. Figure 2 shows
Raman spectra of ZnO powders obtained. The asymmetric
band at 378cm™! (A;r mode) related to the structural
order-disorder in the lattice [37] is covered by broad band
characteristic of a Zn—O bond at 437 cm ™.

Well-crystallized zinc compounds with different mor-
phologies can be obtained by several synthesis methods
by using urea (see Table 1). Precursors, the concentration
of urea, the synthesis method and the reaction time are
important factors influencing the structural evolution and
the morphology of the products. The weak basicity of
the solution gives rise to a zinc carbonate species product
(Table 1). The use of MH crystallization facilitates the direct
preparation of pure oxide powders in less time with desired
particle sizes and shapes from the control parameters such
as solution pH, reaction temperature, reaction time, solute
concentration and the type of solvent [38—40].

Hydrolysis characteristics of urea are well known in
H,O over 293-373 K at 1 bar [41]. Urea is highly soluble in
water, and its controlled hydrolysis in aqueous solutions can
yield ammonia and carbon dioxide. In the crystal growth
process, first ZnO tiny crystalline nuclei were formed, and
nanoparticles of this oxide were precipitated by an increase
in pH due to NH;" ions generated from of NH; which
resulted from urea decomposition when the temperature
rose. The NH," ion formation is controlled by ammonia in
water, and the hydrolysis of urea leads to a rise in the pH.
The urea hydrolysis progresses slowly, and the basic solution
undergoes supersaturation of the zinc hydroxide species [42].
Thus, the formation of ZnO occurs by a nucleation process
and the preferred growth direction of the crystal.

During the MH process, the urea is readily hydrolyzed;
its hydrolysis is also accompanied by the formation of gas
molecules and an increase in the pressure in the system which
is expected to perturb nanocrystalline growth and thereby
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TABLE 1: Zinc species obtained by different synthesis method using urea as a precursor.

Synthesis method Product 1 Temperature/time Product 2 Morphology/size Reference
Precipitation Zns(OH)s(CO3), + ZnO 4 h of synthesis ZnO Bipods/3.1-7.9 um [3]
Precipitation [Zn(OH),(H,0);] 1000°C/2h ZnO Hexagonal plates/35-45 ym (6]
Sol-gel Zns(OH)s(CO3), 500°C-900°C/2h ZnO Spherical particles/20 nm [28]
. . . Column-,
Conventional hydrothermal white powder 550°C/4h ZnO rosette-fiber-like/0,5-10 um [29]
Mlcrqwave—lnduced combustion 7n0 . . Flowers-like/2—5 jm [30]
technique
. Rods-likes/30—-40 nm (diameter)
Refluxing route ZnO — — and 500-700 nm (length) [31]
Conventional hydrothermal Zns(OH)(CO3), 500°C/1h ZnO Spherical particles/25 nm [32]
Conventional hydrothermal Zny(OH)6CO5-H,O 400°C/2h ZnO Flakes-like/0.65—-1.5 mm [33]
Conventional hydrothermal 7Zn5(OH)(CO3), 600°C 7ZnO Flakes-like/10-20 nm [11]
Solvothermal ZnOCO; + ZnO 180°C/24h ZnO Spherical particles/50-300 nm (23]
. . . Spherical
Urea aqueous solution process Zns(OH)(CO3), 600°C/30 min ZnO chrysanthemums/2—6 ym [34]
Conventional water bath heating ZnO — — Irregular nanoparticles This work
Microwave-assisted : :
hydrothermal ZnO — — Spheres-like/85 nm This work
(E» mode) TaBLE 2: Fitting parameters of five Gaussian peaks.
437
Peak center (eV) 1.76 195 215 236 2.6l
Conyentional water bath 111 29.0 345 19.0 6.4
. heating (area %)
g . MH for 2 min (area %)  10.1 261 312 241 85
z (B 30 ¢) MH for 8 min (area %) 92 299 335 208 6.5
g
|
results in morphological changes. This process may acceler-
ate the reaction between the synthesis precursors which leads
. . . . to anisotropic crystal growth and the crystallization of oxide
200 300 400 500 600 700 under mild temperature conditions and reaction times. A

Raman shift (cm™1)

FIGURe 2: Raman spectra of ZnO powders prepared by (a)
conventional water bath heating, (b) the MH method for 2 min, and
(c) the MH method for 8 min.

CO(NHz)Z + H,O — CO; + 2NH3
T\L + H,0
NHst + OH™

|+ 2zn2*

Zn(OH)2~
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GQ ZnO(s) — OO
DQ@ O QO

«—

FIGURE 3: Schematic representation of ZnO formation.

schematic representation of ZnO nanostructure formation is
shown in Figure 3.

The morphology of ZnO powders was investigated using
FE-SEM (see Figure 4). These images reveal that samples
prepared without the MH process had an irregular shape
and were not uniform in size, whereas spherical and uniform
particles were observed for samples prepared using the MH
method. The MH method contributes significantly to ZnO
production with homogeneous shapes after short processing
times.

Diffusivity in the medium and interface mobility could
be enhanced using the MH process which contributes signif-
icantly to ZnO production with homogeneous shapes after
short processing times. Nanosized structures were formed by
this method, and different average particle distributions were
obtained after treatment under hydrothermal conditions (see
inset in Figures 4(b) and 4(c)). Average particle diameters
were 90 nm and 85 nm for samples treated by the MH process
for 2 and 8 min, respectively.

Disordered structures in solids cause degeneracy and
destabilization in the localized states of the atoms which act
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FiGURrk 4: FE-SEM images of ZnO powders prepared using (a) conventional water bath heating, (b) the MH method for 2 min (average
distribution of particles is inserted), and (c) the MH method for 8 min (average distribution of particles is inserted).

as electron-hole pairs and support broadband PL phenom-
ena. PL spectra recorded at room temperature are illustrated
in Figure 5(a).

Theoretical results verify that a symmetry breaking
process in the structure of various semiconductors associated
with order-disorder effects is a necessary condition for
intermediate levels in the forbidden band gap [43-45]. These
structural changes can be related to the charge polarization in
different ranges that are (at the very least) manifestations of
quantum confinement when they occur at short and inter-
mediate ranges independent of the particle size. The main
reason for quantum confinement to occur is the formation
of discrete levels in the band gap which is not possible
with as a periodic crystal defect (dispersion interaction)
[46]. The formation of isolated energy levels (quantum
confinement) and [ZnOs - V(] clusters leads to a substantial
recombination between photoexcited electrons and holes
during the excitation process. Probably the [ZnO4]* —
—[ZnO; - V;] clusters are activated during the excitation
process which changes their symmetry in progressing from
singlet or triplet states as demonstrated for the perovskite

structure [47]. These defects induce new energies in the
band gap which can be attributed to zinc-oxygen vacancy
centers. The structural and electronic reconstructions of all
possible combinations of clusters in a crystal are essential to
understand the cluster-to-cluster charge transfer process and
even the PL phenomenon.

PL curves were decomposed into five components using
the Gaussian method and the Peak Fit program: a red
component (1.76eV), a yellow component (1.95eV), two
green components (2.15 and 2.36 eV), and a blue component
(2.61eV). These emissions arise from a radiative recom-
bination between electrons and holes trapped in the gap
states. Figures 5(b) to 5(d) illustrate decomposition data,
and Table 2 lists the areas under each curve of the respective
transitions. The percentage was obtained by dividing the area
of each decomposed PL curve by the total PL area. Each color
represents a different type of electronic transition and can
be linked to a specific structural arrangement. The high PL
intensity displayed by the sample obtained for 2 min under
MH conditions seems to indicate that this material must
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FIGURE 5: (a) PL spectra at room temperature of ZnO powders; deconvolution results of ZnO samples obtained by (b) conventional water
bath heating, (c) the MH method for 2 min, and (d) the MH method for 8 min.

possess an optimum structural order-disorder degree for PL
to occur.

4. Conclusions

The MH process affects the growth process of ZnO nanos-
tructures from an aqueous solution of zinc acetate and urea
which leads to the rapid and uniform growth of particles.
The PL emission of semiconductors is an important property
because it can provide information on defects and relaxation
pathways of excited states depending upon the preparation
techniques which can generate different structural defects.
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The material and optical properties of ZnO thin film samples grown on different buffer layers on sapphire substrates through a
two-step temperature variation growth by molecular beam epitaxy were investigated. The thin buffer layer between the ZnO layer
and the sapphire substrate decreased the lattice mismatch to achieve higher quality ZnO thin film growth. A GaN buffer layer
slightly increased the quality of the ZnO thin film, but the threading dislocations still stretched along the c-axis of the GaN layer.
The use of MgO as the buffer layer decreased the surface roughness of the ZnO thin film by 58.8% due to the suppression of
surface cracks through strain transfer of the sample. From deep level emission and rocking curve measurements it was found that
the threading dislocations play a more important role than oxygen vacancies for high-quality ZnO thin film growth.

1. Introduction

Recently, ZnO has received considerable attention due to its
excellent emission properties in the UV region. ZnO is a
direct band-gap material with wurtzite-structure, exhibits a
wide band-gap of 3.37 ¢V, and has a large exciton binding
energy of 60 meV at room temperature [1]. Based on these
fundamental properties, ZnO has many applications in the
short wavelength region such as optically pumped lasers, UV
light emitting diodes, detectors, solar cells, and gas sensors
[2—6]. However, the growth of ZnO thin film for such appli-
cations still remains problematic. So far, various methods
have been employed to grow high quality ZnO thin films, for
example, sputtering, pulsed laser deposition, metal organic
chemical vapor deposition (MOCVD), and molecular beam
epitaxy (MBE) [7-10]. MBE is a promising technique for the
growth of high quality ZnO thin films due to its operation
in ultra-high-vacuum conditions (> 1077 torr), using ultra
pure substrates (6 N), and Angstrom-scale-thickness control.
ZnO films are grown on different substrates including c-
Al O3, ZnO, GaN, and ScAIMgO,4. Among these substrates,

c-Al, O3 is the most frequently used because of its low price,
ease of producing large wafers, and ready availability for
growing epitaxial films [11]. When ZnO films are grown
on c-Al,O; substrates without a buffer layer, however, the
ZnO films generally show poor crystalline quality with a
high dislocation density because of the 18% lattice mismatch
between ZnO and c-Al,O3. Furthermore, a large difference
in the thermal expansion coefficients between ZnO and c-
ALO;3 (azno = 6.51 X 107°K™! and agpphie = 8.00 X
107®K~!) will generate strain under the high temperature
growth conditions. Chen et al. demonstrated a two-step
growth method that carries out the initial growth at a lower
temperature followed by a growth step at high temperature.
Through this method a densely packed ZnO film with larger
grains and well-aligned crystallographic orientation can be
obtained [12].

In addition, the improvement in growth quality by using
a buffer layer to decrease the lattice mismatch between ZnO
and c-AlLO;5 is a well-known method. These thin buffer
layers for growing ZnO are GaN, MgO, ZnS, or SiC [13—
16]. GaN and MgO are the most popular buffer layers for



ZnO grown on sapphire substrate. With the GaN buffer layer,
the similar lattice structure, low lattice mismatch between
ZnO and GaN, and similar thermal expansion coefficients
(agan = 5.59 X 10°°K~!) provide suitable conditions for
ZnO growth [17]. Thus, a GaN buffer layer can solve the
cracking problem during the quick growth of ZnO thin films
by acting as a homoepitaxy quasi substrate [18]. A ZnO thin
film on a GaN buffer layer on a c-sapphire substrate does,
however, suffer compressive stress.

When using MgO as a buffer layer there are two
approaches to solving the issues of high quality ZnO growth.
For high temperature growths (750-850°C), the interaction
between MgO and Al,O; dominats: the Mgt and AIP*
diffuse to form a spinel intermediate layer (MgAl,O4). The
18% lattice mismatch between ZnO and AL Os is stepwise
divided between ZnO/MgO, MgO/spinel, and spinel/Al,Os.
A maximum mismatch of about 9.2% remains at the
ZnO/MgO interface while the lattice mismatch between the
MgO grains and the spinel layer is about 5.6%. Experiments
reveal that the density of threading dislocation decreases by a
factor of five when using MgO as the buffer layer [19].

For ZnO growth at low temperature (~600°C), the
reaction between MgO and AL O; cannot occur, but the
MgO buffer layer still decreases the lattice mismatch during
the ZnO growth. For thin MgO layers, the ZnO grown on
the MgO layer is a layer-by-layer epitaxy and the threading
dislocations cannot stretch along the c-axis of the ZnO. In
such a condition, the threading dislocations of the ZnO
cluster occur only within 20 nm of the ZnO/MgO interface,
which can improve the crystallization quality of the ZnO
growth [20, 21].

In this paper, the growth of ZnO thin films on c¢-plane
sapphire substrates by a two-step temperature variation was
demonstrated using different MBE-deposited buffer layers.
Temperature-dependent photoluminescence results showed
the optical features of ZnO thin film samples with and
without buffer layers. The crystallization quality and strain
distribution of ZnO structures were analyzed through X-ray
diffraction (XRD) and X-ray rocking curve (XRC) measure-
ments. The surface morphologies of the ZnO thin films were
studied by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). The ZnO thin film with a 7 nm
thick MgO buffer layer, 18 nm thick low-temperature-grown
ZnO layer, and 100 nm thick high-temperature-grown ZnO
layer showed the best crystallization properties in this study.

2. Growth Conditions and Structures of
the Growth Samples

The ZnO thin films were grown on commercial (0001) c-
Al,O3 substrates by MBE. For Sample A, ZnO was grown
with a thickness of 6 nm at low temperature (LT) on the
c-AL O3 substrate with no buffer layer. In this step, the
growth temperature, beam equivalent pressure, and O, flow
rate were 500°C, 5 x 1077 torr, and 3sccm, respectively.
Then ZnO was grown with a thickness of 600 nm at high
temperature (HT) on the LT-ZnO layer. In this step, the
growth temperature, beam equivalent pressure, and O, flow

Journal of Nanomaterials

rate were 600°C, 6 X 1077 torr, and 4 sccm, respectively.
Sample B is a ZnO thin film on a GaN buffer layer. The GaN
buffer layer was grown on a c-Al,Os substrate at 1,000°C
with a thickness of 2 yum by MOCVD. Then the LT-ZnO was
grown with a thickness of 10 nm on the GaN bulffer layer. In
this step, the growth temperature, beam equivalent pressure,
and O, flow rate were 300°C, 5 X 1077 torr, and 3 sccm,
respectively. Finally, HT-ZnO was grown with a thickness
of 250 nm on the LT-ZnO layer. In this step, the growth
temperature, beam equivalent pressure, and O, flow rate
were 600°C, 5 X 1077 torr, and 2 sccm, respectively. Samples
C, D, and E were ZnO thin films on 7 nm thick MgO buffer
layers, which were grown on c-Al, O3 substrates. In this step,
the growth temperature, beam equivalent pressure, and O,
flow rate were 550°C, 2 x 1077 torr, and 3 sccm, respectively.
For these samples, the growth conditions of the LT-ZnO
layers were the same as for Sample B. But sample D had
an 18 nm-thick LT-ZnO layer. For the HT-ZnO layers, these
three samples had the same growth temperature of 600°C
as for Sample B. In this step, the growth thickness, beam
equivalent pressure, and O, flow rate of Samples C, D, and
E were 400 nm, 7.5 X 1077 torr, and 3.5 sccm; 100 nm, 5.0 X
1077 torr, and 2.5 sccm; 100 nm, 5.0 10~7 torr, and 1.4 sccm,
respectively. Figure 1 summarizes the layer structures of the
samples.

Samples A, B, C, and D were grown in an O,-rich con-
dition. Sample E was grown in the stoichiometric condition
(Zn:Oy=1:1), which results in more oxygen vacancies. After
the HT-ZnO layers’ growth, all of the samples were annealed
at 700°C for 10 minutes to improve crystallization. Table 1
shows the growth parameters of the samples.

3. XRD and XRCs Measurements

Figure 2 shows the XRD spectra of the samples with only
(002) ZnO peak. Figure 3 shows the normalized XRC results
of the samples. In this figure, the largest full width at
half maximum (FWHM) of 791.74 arcsec was measured in
Sample A, which indicated that a high density of threading
dislocations existed due to a larger lattice mismatch between
ZnO and c-Al,O3. The FWHM of Sample B was 242.58
arcsec, a 69.40% decrease from sample A. This decrease came
from the small lattice mismatch of 1.80% between ZnO and
GaN, which resulted in a decrease of the dislocation density
in the ZnO layer. However, many threading dislocations still
existed in the GaN buffer layer due to the larger lattice
mismatch of 16% between GaN and the c-Al,O5 substrate. In
this study, the GaN buffer layer in Sample B was thicker than
MgO buffer layers in Samples C, D, and E to minimize the
influence of lattice mismatch between GaN and c-Al, O3 for
high quality ZnO thin film growth [13]. Thus, the GaN buffer
layer showed some limitations for high quality ZnO thin film
growth. The FWHM of Samples C, D, and E are 64.18, 48.66,
and 98.01 arcsec, respectively, representing 91.89%, 93.85%,
and 87.60% decreases compared to Sample A. These results
indicate the higher quality of ZnO growth on an MgO buffer
layer. Although the lattice mismatch between MgO and ZnO
of 8.4% is more than that between ZnO and GaN (1.8%),
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FIGURE 1: Schematic picture for the layer structures of (a) Sample A, (b) Sample B, (¢) Sample C, (d) Sample D, and (e) Sample E used in

this work.

TABLE 1: The growth parameters of ZnO thin film samples.

sample HT-ZnO growth temperature (°C) HT-ZnO growth conditions HT-ZnO thickness (nm) LT-ZnO Buffer layer

A 600 O,-rich 600 500°C 6 nm N/A

B 600 O,-rich 250 300°C 10nm  1000°C 2 ym GaN
C 600 O,-rich 400 300°C10nm  550°C 7 nm MgO
D 600 O,-rich 100 300°C 18 nm  550°C 7 nm MgO
E 600 /n:0,=1:1 100 300°C10nm  550°C 7 nm MgO

the MgO buffer can effectively suppress the stretching of
threading dislocations to the c-axis of the ZnO layer. The
highest degree of crystallinity was achieved for ZnO thin
films grown on 7nm thick MgO buffer layers, which is a
fivefold improvement over the 2 um thick GaN buffer layer.

Table 2 shows the material parameters of ZnO thin film
samples obtained from XRD measurement. The grain size of
each sample was calculated using the Sherrer equation [22—
25]: D = 0.941/f3 cos 0. Here D, A, 3, and 0 are the grain size,
beam wavelength (0.15405nm), FWHM, and diffraction
angle of the XRD measurement, respectively. In Table 2, the
lattice parameters a and ¢ were calculated through the Bragg
Diffraction equation (2d sin 8 = nl) and the lattice equation
of the wurtzite structure (1) [22]:

2
a= dhkl\/4(h2 T hk+K2) +12(f) :
3 c (1)

Here dj is the interplanar distance and h, k, | are the
Miller Indices. The biaxial stress was calculated by comparing
the c-lattice constant to the strain-free lattice parameter (c
0 = 0.5205nm) measured from a ZnO powder sample: o

Intensity (a.u.)

20 25 30 35 40 45 50 55

20 (deg)
—— Sample A —— Sample D
—— Sample B —— Sample E
—— Sample C

FIGure 2: XRD w-20 spectra of the Samples A, B, C, D, and E.

=—453.6 X 10°[(c — cp)/co]. The strain was calculated by:
e = f/4tan 0 [22-24, 26].
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TABLE 2: Peak position, FWHM, grain size, strain, stress, and lattice constants (d) of the samples from XRD measurements and derived

lattice parameters (a, ¢).

Sample 2 theta (degree) FWHM (acrsec) Grain size (nm)

Strain (microstrain) Stress (Gpa) d (A) a(A) c(A)

A 34.68
34.33
34.37
34.41
34.33

791.74
242.58
64.18
48.66
98.01

37.872
123.493
466.849
615.805
305.715

MmO 0w

299.624
90.809
24.057
18.261
36.692

3.306
-1.171
—0.606
—0.120
—1.145

2.584
2.609
2.606
2.603
2.609

3.164
3.196
3.192
3.188
3.195

5.167
5.218
5.212
5.206
5.218

0.8
0.6

0.4 1

0.2 L
0

—500 0 500 1000

Omega (arcsec)

Intensity (a.u.)

—1000

—— Sample A
—— Sample B
—— Sample C

—— Sample D
—— Sample E

F1GURE 3: Normalized XRC results of the Samples A, B, C, D, and E.

From these calculations the ZnO layer in Sample A
suffered tensile stress of 3.306 GPa and 299.624 microstrain.
The high tensile stress caused cracking during the ZnO thin
film growth. In Sample B, the ZnO layer suffered compressive
stress of —1.171 GPa and 90.809 microstrain. The change
from tensile stress to compressive stress using GaN as a buffer
layer can solve the problem of the film cracking.

Using MgO as a buffer layer (Samples C, D, and E)
resulted in an increased strain release in the ZnO thin
film growth. In sample D, the minimum compressive stress
(—0.120 GPa) and strain (18.261 microstrain) were observed
and were found to be close to the stress-free condition. These
results imply that threading dislocations were effectively
confined in the ZnO/MgO interface due to the cubic
structure of MgO during the ZnO thin film growth [20, 21].
Sample D exhibited the highest crystalline quality ZnO thin
film in this study.

4. Deep Level and Edge Band Emission

The PL spectra of the ZnO thin film samples at room
temperature (Figure 4(a)) show strong edge band emissions
(EBE) with very weak deep level emissions (DLE), which

confirms their good crystalline and optical quality. The band-
edge emission peaks of the samples are located at 3.312 ¢V,
3.305eV, 3.304¢V, 3.298¢V, and 3.317eV, for Samples A,
B, C, D, and E, respectively, while the broad DLE peaks
are at about 2.25eV. The DLE results reveal the presence
of defects and oxygen vacancies in the ZnO thin films
[25]. In order to compare the optical quality of these
samples, the integrated intensity ratio of the EBE to the
DLE as a function of temperature for each of the samples
is shown in Figure 4(b). The integrated intensity of EBE
and DLE ranges from 2.918¢V to 3.758 eV and 1.771eV
to 2.756 eV, respectively, corresponding to the shaded areas
in Figure 4(a). The EBE/DLE values decrease rapidly with
increasing temperature up to some specific temperature
for each of the samples. These specific temperatures are
approximately 45K, 45K, 75K, 90K, and 75K for Samples
A, B, C, D, and E, respectively. Above these specific tem-
peratures, no rapid decrease in EBE/DLE values is observed.
The specific temperature represents the critical temperature
below which radiative recombination dominates and above
which nonradiative recombination dominates. For Sample A
the low EBE/DLE values in all temperature ranges represent
a higher density of threading dislocations, more stress, and
higher defect density in the ZnO thin film, corresponding
to the lower optical quality of the sample. The EBE/DLE
values increase significantly in the samples with GaN or
MgO buffer layers. These results confirm the improvement
of ZnO thin film crystallinity from using GaN and MgO
buffer layers. When comparing Sample E to Samples C and
D, the apparently lower optical quality of Sample E originates
from the stoichiometric growth condition (Zn:O,= 1:1).
This growth condition induces more oxygen vacancies in
the ZnO layer leading to a higher DLE intensity. This order
of DLE intensity for the samples is the same for the entire
temperature range.

In order to check the consistency between the optical
measurements and structural measurements, the integrated
intensity ratio of the EBE to the DLE and the inverse FWHM
of the XRC of each samples are shown in Figure 5. The
maximum EBE/DLE means the EBE/DLE value of sample at
10 K. Higher EBE/DLE ratios and higher values for FWHM !
from XRC measurements represent improved optical and
material qualities of the samples. Samples C, D, and E, with
MgO bulffer layers, show an enhancement of their crystalline
and optical qualities. Sample B with a GaN buffer layer
exhibits inferior results. Sample A without any buffer layer
had the worst quality.
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5. SEM and AFM Images

Figures 6(a) and 6(b) show SEM and AFM images of Samples
A and D. In the SEM image of Sample A (Figure 6(a)),
surface pits can be seen. The rougher surface of Sample
A compared to Sample D originates from the larger lattice
mismatch in the ZnO/sapphire interface. The large tensile
stress in Sample A is induced by this increased lattice
mismatch. AFM measurement reveals a larger root mean
square (RMS) roughness of about 6.982nm without a
buffer layer. For the MgO buffer layer in sample D, the
RMS roughness is about 2.875nm. The decrease in RMS
roughness by 58.8% is attributed to the change from tensile

stress to compressive stress when using the MgO buffer
layer compared to no buffer layer. These results indicate that
the growth of ZnO thin films on buffer layers, especially
MgO, results in better crystallinity of samples, thus improved
optical characteristics.

In summary, by including a buffer layer in the growth
of ZnO thin films, the lattice mismatch of the film surface
to the sapphire substrate surface was decreased significantly.
Including a GaN buffer layer in Sample B resulted in
higher optical and structural quality than Sample A. The
comparison between ZnO growth on the GaN and the MgO
buffer layers shows that dislocations stretching along the
c-axis could not be suppressed effectively by a thick GaN
buffer layer. Samples C, D, and E were of higher quality than
sample B.

For the MgO buffer layer growth, the stoichiometric
growth condition induced more oxygen vacancies in the ZnO
layer, resulting in lower crystal quality in Sample E compared
to Samples C and D. In the two-step temperature variation
growth, the optimal LT-ZnO thickness was about 40 nm for
Sample D [11], which showed the highest crystallinity in this
study. Thus, the LT-ZnO has an important effect in changing
the crystal quality of the following HT-ZnO. The LT-ZnO
with optimal thickness could cause relatively disordered
HT-ZnO growth on the MgO buffer layer resulting in a
three-dimensional island morphology, resulting in different
defect configurations in the HT-ZnO layer [11]. From the
description above, one can see that the order of ZnO thin
film crystallinity, from best to worst, is D, C, E, B, and A.

6. Conclusion

In conclusion, the influence of the GaN and MgO buffer
layers on the structural, electrical, and optical properties
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FIGURE 6: SEM and AFM images of (a) Sample A and (b) Sample D.

of ZnO thin films grown on sapphire substrates by MBE
was investigated. The XRD and XRCs investigations revealed
that the buffer layer had diminished the strain and changed
the stress from tensile to compressive, leading to threading
dislocation elimination. The PL revealed a strong edge band
emission with a weak deep level emission, suggesting the
good crystalline quality of the ZnO thin films on the MgO
buffer layer. The increase in the integrated intensity ratio of
the EBE to the DLE and the inverse FWHM of XRC with GaN
and MgO as buffer layers demonstrated the enhancement of
the structural and optical qualities of the ZnO thin films.
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During the past several decades, Si nanocrystals (NCs) have received remarkable attention in view of potential optoelectronic
device applications. This paper summarizes recent progress in the study of luminescence from Si NCs, such as photoluminescence
(PL), cathodoluminescence, time-solved PL, and electroluminescence. The paper is especially focused on Si NCs produced by ion
beam sputtering deposition of SiO; single layer or SiO,/SiO, multilayers and subsequent annealing. The effects of stoichiometry
(x) and thickness of SiOy layers on the luminescence are analyzed in detail and discussed based on possible mechanisms.

1. Introduction

Light-emitting silicon nanocrystals (Si NCs) have attracted
considerable attention since the first report on photolumi-
nescence (PL) of porous Si in 1990 [1] was published as
an effort to build Si-based photonics. Besides fundamental
physics related to quantum-confinement effect (QCE) in
an indirect-gap semiconductor, Si [2-5], there have been
intensive studies on novel interesting phenomena such as
light emission from electrically excited Si NCs or quantum
dots (QDs) [6-9] and energy transfer to Er** ions [10-
12], highly potential for optoelectronics applications. For
realizing the device applications as well as for clarifying the
origin of the observed luminescence, tight size control of
Si NCs should be essential.

SiNCs can be synthesized by a number of techniques: ion
implantation of Si into SiO, matrix [5, 13, 14], deposition
of substoichiometric oxide films using chemical vapour
deposition (CVD) [8, 9, 15], RF sputtering [12, 16], and
reactive evaporation [17]. Most of these methods should
be followed by thermal annealing procedures inducing
phase separation/crystallization. The synthesized Si NCs
usually have a relatively broad size distribution, which can

complicate the characterization of Si NCs based on QCE
and therefore is undesirable for the device applications. Ion
beam sputtering deposition (IBSD) under oxygen ambient
has been reported to be useful for the growth of the stoi-
chiometric/substoichiometric oxide films [18]. This method
has an advantage of providing relatively low-thermal budget,
thereby producing uniform oxide films over the full depth
and rendering their interface-free examination. In addition,
in situ X-ray photoelectron spectroscopy (XPS) analysis
during IBSD, because it enables looking into the oxida-
tion/growth processes, is a powerful method to check the
change of the chemical states on the top surface of the films.

Although Si NCs embedded in the SiO; exhibit efficient
and tunable PL emission by changing the oxygen content
(or NC size), the origin of the light emission is still under
debate [19-21]. Discussions are mainly focused on whether
the light emission is generated by the excitonic transitions
inside Si NCs or by other defect-related centers. As reported
previously, Si NCs formed in host materials such as SiO,
have a broad distribution of size and orientation and a lot
of oxygen-related defect centers exist at the interfaces of
Si NCs/SiO, [3-5]. This explains why PL spectra of such
materials have typically broad emission bands [20, 22]. The



Si=0O or Si—O bonds are known to exist in the Si NCs/SiO,
interfaces, which significantly reduce the effective optical
band gap by creating localized states and pinning the band
gap of Si NCs, resulting in the PL peak shift smaller than
expected from QCE [23-25].

Even though there have been some technological
advances in producing Si-NC-based light emitting diodes
(LEDs) in the form of a metal oxide semiconductor (MOS
LEDs) [6, 25, 27], no breakthrough for the efficient devices
has been reported yet. One of the main obstacles in the
production of efficient MOS LEDs is the problem of carrier
injection into the insulating oxide matrix. Several models
have been proposed for explaining the carrier injection
processes, which are still in controversy. In addition to
studies on electroluminescence (EL) as well as on PL, those
on their correlations are especially needed for understanding
the mechanisms of charge injection and light generation,
thereby clarifying the operation principles of MOS LEDs.

In this paper, we review luminescence properties of
Si NCs studied by continuous-wave/time-resolved PL,
cathodoluminescence (CL), and EL spectroscopies and dis-
cuss their size-dependent correlations based on possible
light-emitting mechanisms.

2. Experimental Details

SiOy single-layer (SL) films of 2 ~ 200 nm and SiO,/SiO,
multilayers (MLs) with 50 periods of 2 nm thin layers were
grown on n-type (100) Si wafers at room temperature (RT)
using an Ar* beam with an ion energy of 750eV and a Si
target under oxygen atmosphere in a reactive IBSD system
with a Kaufman-type DC ion gun. The relative film thickness
was controlled from the growth rate calibrated by transmis-
sion electron microscopy (TEM) measurements of thin films
grown within a given time. The deposition chamber was
evacuated to a pressure of 5.0 X 107 torr before introducing
argon gas into the system. Details of the system are described
elsewhere [18]. The stoichiometry of the SiOy films could be
analyzed and controlled with in situ XPS using Al k« line
of 1486.6¢eV. A stoichiometric SiO, thin film was used as
a reference for the determination of the relative sensitivity
factors of Si 2p and O 1s peaks. The B doping of the SiOy
layers was achieved by cosputtering using a combination
target where a small boron chip was fixed on a p-type Si
wafer. The doping concentration was controlled by varying
the size of the boron chip. The doping level of the SiOy
layers was estimated by secondary ion mass spectroscopy
(Cameca, model IMS-7f) using an oxygen-ion beam of
5keV. The quantification of the B-doped SiO, layers was
performed using a B-implanted certified reference material.
After deposition, the samples were annealed at 1100°C in an
ultrapure nitrogen ambient by using a horizontal furnace to
form Si NCs in the layers. In order to passivate Si dangling
bonds, some of the samples were hydrogenated by heating
the samples at 650°C for 60 min under H, flow.

PL spectra were measured at RT using the 325 nm line of
a HeCd laser as the excitation source. Emitted light was col-
lected by a lens and analysed using a grating monochromator
and a GaAs photomultiplier (PM) tube. Standard lock-in

Journal of Nanomaterials

detection techniques were used to maximize the signal-to-
noise ratio. The laser beam diameter was about 0.3 mm and
the power was about 3 mW. The excitation for time-resolved
PL was done by a pulsed Nd:YAG laser (wavelength: 355 nm,
pulse energy density: 0.6 m]/cm?, repetition frequency:
20Hz, and pulse duration: 20 ps). The emitted light was
analyzed by using a monochromator equipped with a gated
intensified charge-coupled device (CCD) (detection energy:
1.38 ~ 9.92 eV and response time: 40 ps, PI-Max, Princeton
Instrument) triggered by exciting laser pulse. CL spectra were
measured in the range of electron beam energies of 1 to 20 kV
by using a JEOL 6330F field emission scanning electron
microscope equipped with an Oxford Instrument Mono
CL2. The CL spectra were dispersed by a 1200 lines/mm
grating blazed at 500 nm and detected using a Hamamatsu
R943-02 peltier-cooled PM tube. The current-voltage (I-V)
curves of the LED devices were measured using Keithley
237 high-voltage source meter. For forward-bias conditions,
positive voltages were applied to the Al contacts on the poly-
Si layers of LED devices. The RT EL measurements were
performed under forward bias by using DM 500 grating
monochromator equipped with a Si CCD for light detection.

3. Results and Discussion

3.1. Continuous-Wave Photoluminescence. Figure 1(a) shows
thickness dependence of the PL spectra for Si-NC SLs with
x = 1.4. The major PL band in the range of 765 to 850 nm
has been widely observed and attributed to the radiative
recombination of quantum-confined electrons and holes in
SiNCs [14, 21]. The PL spectra are redshifted monotonically
with increasing the SiOy thickness (d) due to the size
increase of Si NCs in thicker samples. Previously, it has been
similarly reported that larger NCs grow in thicker SiOy [28].
Figure 1(b) summarizes the PL peak shift as a function of d
at each x. For x < 1.2, the PL peaks show a rather confusing
behavior, that is, weak blueshifts with increasing d. For x >
1.4, the PL peaks show monotonic redshifts as d increases,
consistent with QCE.

A few nm thick natural SiO, is usually formed on the
surface of the SiO, layer after deposition, thereby reducing
the real thickness of SiO,. During annealing, the NC size
could be strongly influenced by the mixing of SiO, with
Si0O,, which exists at the bottom interface of the SiO, layer/Si
wafer as well as on the top surface of SiO,, resulting in
an increase of x value [19]. This is reasonable because
the mixing during annealing can occur within a diffusion
distance of Si in SiO, matrix that was reported to be as long
as about 3nm [29]. The SiO; layer would make a stronger
effect on the stoichiometry of thinner SiO, layer. These
considerations can explain why the PL peaks are located at
smaller wavelengths in the samples with thinner SiOy layers,
as shown in Figure 1(b).

It is possible to independently control NC size/density
by employing a technique of ML growth for Si NCs [21,
28, 30]. The layer thickness/excess Si content of Si-rich
oxide (SiOy) in the ML structures of SiO,/SiO, determines
the NC size/density, respectively, after high-temperature
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annealing. This approach can make it possible to engineer
the energy of the band gap of Si NCs by optimizing the
thickness/composition in the ML structures of Si NC/SiO,.
Figure 2 shows RT PL spectra of SiO,/SiO, MLs after
annealing for various thicknesses of the SiO, layer. The
PL spectra are blueshifted with decreasing d, with their
maximum intensity at d = 2 nm.

Figure 3(a) shows a cross-sectional high-resolution TEM
(HRTEM) image of 50-period 2 nm SiO; /2 nm SiO, MLs

after annealing at 1100°C, in which the ML structure
and the phase separation are clearly observed. Using full-
size HRTEM images, the average size and density of the
Si NCs are estimated to be ~ 3.8 + 0.8nm and 3.5 X
10'2 cm2, respectively. Figure 3(b) compares full widths at
half maximum (FWHMs) of PL spectra between ML and SL
samples (x = 1.0) with the same total thickness of 200 nm.
The PL spectra of both samples are almost identically peaked
ataround 860 nm (1.44 eV), in agreement with the estimated
recombination energy for quantum-confined excitons in a
~3.5nm diameter Si NCs [28]. The PL FWHM (70 nm) of
ML sample is much smaller than that of SL sample (103 nm),
indicating more-uniform-size distribution of Si NCs in ML
samples, still valid for other x values, as shown in Figure 3(c).
Figure 3(c) also shows the size-dependent PL peak shifts
consistent with QCE for both samples.

3.2. Cathodoluminescence. It is hard to interpret the CL
spectra of Si NCs based on the QCE effect because the
CL emissions are sometimes mixed with those from the
interface or surface defect states in the similar energy ranges
[31, 32]. Recently, CL spectra of Si nanoparticles below 3 nm
in porous Si have given an evidence of the CL light emission
in the UV range from ultrasmall Si NCs [32]. In our previous
work, a CL emission at 2.16 eV (574 nm) has been ascribed
to 3.5nm Si NCs formed in Al,O3 by ion implantation [33].
Figure 4(a) shows CL spectra of Si-NC MLs at each x after
hydrogenation, which were measured by using an electron
beam energy of 15keV at 77 K. Two major CL bands are
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observed at ~1.66eV (750nm) and ~2.18eV (570 nm) at
x = 1.0, which are named low-energy (LE) and high-energy
(HE) bands, respectively. The CL spectra were deconvoluted
into two Gaussian bands in order to find peak positions of the
HE and LE bands accurately. Figure 4(b) compares energy

shifts of the deconvoluted CL bands with those of PL band
as functions of x. The HE (LE) CL band is blueshifted from
2.18 (1.66) to 2.64 (2.16) eV, respectively, as x increases from
1.0 to 1.8. The total energy shift of the CL bands is more than
two times as large as that of the PL band.
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The CL spectra exhibit very different behaviors at 300 K
[22]. A new strong CL band appears at about 2.70eV
(460 nm) without almost any energy shift with x. The 2.70 eV
peak has been attributed to amorphous SiO, defects in
porous Si [31] or localized defects at the Si/SiO, interface
[31, 32]. The HE band still remains at around 2.39eV
(520nm) even in the 300K spectra, but no peak shift with
x is seen due to the dominant effect of the defect CL band. At
77 K, the defect CL band disappears, as shown in Figure 4(a),
consistent with the observation that the defect-related CL
band is reduced at lower temperature [31]. These results
suggest that the CL band originating from Si NCs can be well
analyzed at low temperature and reflect the size dependence
of the peak shifts better than the PL band.

3.3. Time-Resolved Photoluminescence. The carrier relaxation
and dynamics by state filling and migration [26, 34-36]
are interesting phenomena involved in the light-emission
processes of semiconductor nanostructures. The state-filling
effect of Si NCs has been studied for discussing the parabolic
confinement of Si NCs and the energy splitting between
the energy levels [36]. Migration of the excitons between
neighboring Si NCs has been shown to influence their optical
properties [35, 36]. The migration process involves thermal-
ization of the excitons, meaning the migration of excitons
into the energetically most favorable low-energy states.
Figure 5(a) shows PL decay curves of undoped Si-NC
MLs at 300 K. PL decay traces were measured for x values
in the range of 1.0 to 1.8 and well fitted to a stretched
exponential function, I(t) = I exp[—(t/TpL)ﬁ ] [4, 18-20],
where Iy is the PL intensity at t = 0, 7pp the effective PL
lifetime, and f the dispersion factor having a value between

0 and 1. 7py, for each x was obtained by fitting the decay traces
taken at the peak wavelength in the PL spectra. The fitted
results are drawn by solid lines in Figure 5(a). Figure 5(b)
summarizes the variations of the lifetimes as functions of x
for undoped and B-doped Si NCs. The lifetime of undoped Si
NCs increases monotonically with decreasing x. The lifetime
of B-doped Si NCs increases from 4.6 to 13.0 ys as x varies
from 1.8 to 1.4, but by further decrease of x;, it decreases.

As previously reported for undoped Si NCs by us [26, 34],
the PL lifetime as well as the PL radiative lifetime showed
monotonically increasing behaviors with increasing the size
of NCs (decreasing x), possibly due to the reduction in the
relative portion of the interface states between SiO, and NCs
in the samples containing larger Si NCs [22]. In contrast, in
doped Si NCs, the PL lifetime decreases with decreasing x
(increasing the NC size) below 1.4, as shown in Figure 5(b),
resulting from the increase of optically less active NCs by
the increase of NCs containing more dopants at larger NC
sizes. Optically less active NCs would affect the lifetime
of neighboring NCs by the effect of coupling between the
closely packed NCs [26], resulting in a reduction of the
lifetime in the latter.

The inset of Figure 5(b) compares x-dependent 3 values
for undoped and B-doped NCs, both of which show similar
monotonic increasing behaviors with increasing x. The
stretched line shape of the PL decay originates from a
system of interacting Si NCs in which migration of excitons
occurs [26, 36]. The dispersion factor § indicates a measure
of the migration process [37]. For totally isolated NCs, f3
approaches 1, indicating a single exponential time decay of
their PL signal. At smaller x (larger NCs), some interference
is expected between adjacent NCs by tunneling of excitons
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FIGURE 6: (a) EL spectra of a LED device containing Si NC MLs with x = 1.2 for various injection currents. The inset shows the I-V curve.
(b) EL spectra of a LED device with x = 1.6 for various injection currents.

through the thin oxide between NCs, affecting the degree of
exciton localization. Smaller NCs are more distant, resulting
in stronger localization of excitons, thereby increasing 3 with
increasing x, as shown in the inset of Figure 5(b). These
results also suggest that doping would not affect the size-
dependent behaviors of the exciton migration.

3.4. Electroluminescence. For fabricating MOS-LEDs [37,
38], 200 nm thick Si-NC MLs were formed on p*-type Si
wafers as a dielectric layer. A highly n*-type 50 nm thick
poly-Si layer was deposited on top of the Si-NC MLs by
low-pressure CVD. The poly-Si layer would improve the
efficiency of electron injection into Si NCs in the oxide layer.
Then, a circular area of 0.3 mm in diameter was defined for
the active area of the device by using standard photolithogra-
phy. Finally, Al-based contacts defined as circular rings were
fabricated on the polysilicon film and the Si substrate. The
wide central area of the device is metal free to allow the exit
of the light.

Figure 6(a) shows EL spectra of a typical LED device
containing Si-NC MLs with x = 1.2 for various injection
currents. The EL emission band originating from Si NCs
is observed at around 800 nm, which is smaller than the
PL peak wavelength, as shown in Figure 3(c). The EL peak
wavelength shows no clear injection current dependence.
Another EL band appears at around 600nm, which is
thought to originate from defect states at the interfaces of Si
NCs/SiO, or SiO,/Si substrate [6, 9]. The LED devices were
also fabricated for various sizes of Si NCs by varying x value.
Figure 6(b) shows a typical blueshift of the EL peak at x = 1.6
due to the size reduction of Si NCs. In contrast, the defect-
related EL peak is almost fixed at around 600 nm, irrespective
of the size variation of Si NCs. All LED devices showed good
rectifying behaviors, as shown in the inset of Figure 6(a).

4. Conclusion

SiO, SL films and SiO,/SiO, MLs were grown on n-type
Si wafers by IBSD. The B doping of the SiO, layers was
achieved by cosputtering using a combination target of a
p-type Si wafer with a small boron chip on its center. The
samples were annealed at 1100°C under nitrogen ambient
to form Si NCs in the SiOy layers. The size of Si NCs and
corresponding PL peak energy were strongly dependent on
the thickness of the SiO, layer as well as its stoichiometry.
The MLs shown to be more uniform in size than the SLs
were turned out to be more useful for the characterization of
Si NCs based on QCE and their device applications. The CL
band originating from Si NCs could be well analyzed at low
temperature and reflected the size dependence of the peak
shifts better than the PL band. B doping of Si NCs resulted
in the reduction of PL lifetime for larger NCs, possibly due
to the increase of optically less active NCs. The decay traces
of time-resolved PL spectra reflected the size dependence of
the exciton migration, which was not influenced by B doping
of Si NCs. The properties of EL from LEDs containing Si NC
MLs were shown to be consistent with QCE by varying their
size.
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Novel chelating ligands are very significant for preparing nanocrystals with different morphologies and applications. In this
paper, we directly introduced amine groups onto UCNPs by choosing a new chelating ligand tetraethylene pentamine (TEPA)
to synthesis NaYF,:Yb, Er through hydrothermal method. The influences of rare earth concentration, the ratio of RE/TEPA,
solvent composition, and reaction time on the morphology and fluorescence intensity of the as-prepared NaYF,:Yb, Er samples
were systematically investigated and discussed. Field emission scanning electron microscopy (FE-SEM), powder X-ray diffraction
(XRD), and upconversion luminescence spectroscopy were used to characterize the product. It was found that rare earth
concentration, ratio of RE/TEPA, solvent composition, and reaction time were all responsible for the luminescent intensity and

morphology.

1. Introduction

Upconversion (UC) means that the materials absorb long-
waved photons to emit short-waved photons. Rare earth
compounds have evoked much attention due to their novel
electronic, optical, and chemical characteristics. The special
4f shell electron structure of the rare earth elements makes
the upconverting nanoparticles (UCNPs) capable of convert-
ing two or more near-infrared (NIR) photons to one visible
light photon via continuing electronic excitation and energy
transfer processes [1]. Compared with downconversion
materials quantum dots (QD), UCNPs have low toxicity
to body, minimal autofluorescence, sharp absorption, and
long life time [2]. These properties make them have great
applications in various fields, such as biological labeling [3],
illuminations [4], solar cells [5], optical storage [6], light-
emitting diodes [7], drug-delivery [8], and photodynamic
therapy [9]. NIR light with strong penetration ability has
less harmful to cells and is safe for our bodies, so the
applications of UCNPs on medicine and biological are
especially important and have very bright prospects. As we
know, NaYF, is the best host material for UCNPs due to the

low lattice phonon energy and good thermal stability, and
NaYF, doped with Yb, Er is frequently used as highly efficient
upconversion materials.

Generally, the synthesis methods of UCNPs can be
divided into two categories. One was thermolysis method,
using long chain organic ligands as solvent and chelating
ligand under very high temperature (300-340°C). Because
of the high temperature of the thermolysis synthesis, few
chelating ligands can be choosen. The most frequently used
chelating ligand was oleic acid (OA) together with a non-
coordinating solvent octadecene (ODE), which controlled
the nucleation and growth as well as stabilization of the
crystals in a thermolysis procedure. Other chelating ligands
such as oleylamine [10], octadecylamine [11], oleamide [12],
trioctylphosphine (TOP) [13], and trioctylphosphine oxide
(TOPO) were also used to prepare NaYF,:Yb, Er [14]. All
these are high boiling point solvent, but the kinds of them
are limited. The other method was hydro (solvent) thermal
method. In this method, the reaction condition was relatively
mild (heating temperature was generally 140-240°C), so
some low boiling point ligands can be applied. However, few
chelating ligands have reported to guide the crystal’s growth



and control the morphology of the nanoparticles. Sodium
citrate [15], ethylenediamine tetraacetate (EDTA) [16], and
oleic acid (OA) [17] were most people’s choices, the coor-
dination groups of them are all carbonyl group with good
coordination ability, and the shapes of NaYF4:Yb, Er were
mainly rod, prism, plate, and sphere. Using novel chelating
ligands are very significant for preparing nanocrystals with
different morphologies and applications. For example, in
order to use UCNPs for bioprobe and bioimaging, some
researchers used amine group to replace the other chelating
ligands for biocompatibility by surface modification [18].

Herein, we directly introduced amine groups onto
UCNPs by choosing a new chelating ligand tetraethylene
pentamine (TEPA) to synthesis NaYF,:Yb, Er through hydro-
thermal method. Tetraethylene pentamine’s coordination
groups are amine whose coordination ability is relatively
week, while rod f-NaYF4:Yb, Er nanoparticle can also
be achieved. The exist of several amino of tetraethylene
pentamine (TEPA) not only has a role of coordination but
also can act as active point. We can introduce amine to
the f-NaYF,4:YD, Er nanocrystals directly without any other
steps. Through amine, we can also introduce other functional
groups, controlling the application performance of the f3-
NaYF,:Yb, Er nanocrystals.

2. Experimental

2.1. Chemicals. All the chemicals were used directly with-
out further purification. Tetraethylene pentamine (chemical
grade) and Y (NOs3)3-6H,0 (99.0%) were purchased from
Sinopharm Chemicals Reagents Co., Ltd (Shanghai, China).
Yb (N03)3 5H20 (9999%), Er (NO3)35H20 (9990/0) were
supplied by Aladdin Chemistry Co. Ltd. NaF was analytical
grade and brought from Tianjing Kermel Chemical Reagents
Development Center (Tianjing, China).

2.2. Synthesis of NaYF,:Yb, Er UCNPs. 1In a typical synthesis
of hexagonal phase NaYF,:Yb, Er nanocrystals, 4 mL 0.25 M
78% Y(NOs3)3, 20% Yb(NO3)3, 2% Er(NOs3)3 aqueous solu-
tion, 16 mL deionized water, and 20 mL ethanol were mixed
with stirring at room temperature, after then, 0.2 mL TEPA
was added into above solution, forming a A solution. 504 mg
NaF was dissolved in 10 mL deionized water and 10 mL
ethanol to form solution B. After 0.5h stirring of solution
A, B solution was added into A solution drop by drop under
vigorous stirring. After aging for 30 min, the mixture was
transferred to a 76 mL Teflon-lined autoclave, sealed, and
heated at 200°C for 6h. As the autoclave was cooled to
room temperature naturally, collected the precipitates in the
bottle, washed with ethanol and deionized water in sequence,
gathered the products by centrifugation, then dried in air at
70°C for 10 h.

3. Characterizations

X-ray powder diffraction patterns were measured on a
Rigaku D/MAX-2400 with Cu-Ka radiation. Upconversion
fluorescence spectra were recorded on Hitachi F-4500 fluo-
rescence spectrophotometer under the excitation of a 980 nm
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Figure 1: XRD patterns of NaYF4:Yb, Er nanocrystals prepared
under different ratio of RE/TEPA (t = 6 h; water/ethanol = 1:1;
16.7 mmol/L).
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Figure 2: Upconverted fluorescence spectra of NaYF,:Yb, Er
nanocrystals prepared under different ratio of RE/TEPA (t = 6 h;
water/ethanol = 1: 1; 16.7 mmol/L).

diode laser. The morphologies of the samples were observed
by using a Nova Nanosem 450 field emission scanning
electron microscopy (FE-SEM).

4. Results and Discussion

The synthetic conditions of NaYF4:Yb, Er via the hydrother-
mal method were investigated in detail. The influences of
rare earth concentration, solvent composition, the ratio of
RE/TEPA, and reaction time were all found to have effect on
the luminescence properties and morphology of NaYF4:Yb,
Er nanocrystals.
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FiGURre 3: FE-SEM images of NaYF,:Yb, Er nanocrystals prepared under different ratio of RE/TEPA: (a) RE/TEPA = 1:0; (b) RE/TEPA =
2:1;(c) RE/TEPA =1:1; (d) RE/TEPA = 1:2 (t = 6 h; water/ethanol = 1: 1; 16.7 mmol/L).

4.1. Effect of the Ratio of RE/TEPA. 1t is know that chelat-
ing agent is very important to the crystal’s growth and
aggregation. To prove the effect of TEPA on NaYF,:Yb, Er
nanocrystals, 0mL, 0.1 mL, 0.2mL, and 0.4 mL TEPA had
been used to prepare NaYF,:Yb, Er samples, that is, the ratio
of the RE/TEPA was 1:0, 2:1, 1:1, and 1:2, respectively.
Figure 1 shows the XRD spectra of the samples, and pure
hexagonal NaYF, phases are observed for all the samples.
From the fluorescence spectra (Figure 2) of the as-prepared
products, it can be seen that, when RE/TEPA = 1:1, the
luminescent intensity of the product is strongest, while the
fluorescence intensity is lowest when the ratio of RE to TEPA
is 1:2. This may be due to the fact that excessive TEPA
will lead to energy loss through high energy vibration [19].
FE-SEM of the samples are showed in Figure 3; under the
condition of no chelators added, the morphology of the as-
prepared products was irregular. When TEPA is added, the

morphology of the products became relative better. When
the ratio of RE/TEPA is 2:1; 1:1 and 1:2, the average size
of the as-prepared nanocrystals are about 135 nm, 160 nm,
and 222 nm, respectively. That is to say lower ratio of RE to
TEPA is responsible for the larger particle size of f-NaYF,:Yb,
Er. Enough chelators could make more RE** coordinate with
the N atom of TEPA and decrease the concentration of the
RE*" in the solvent; as a result, the speed of nucleation is
delayed. As the time goes on, more and more rare earth ions
are released and the crystals become bigger and bigger.

4.2. Effect of Reaction Time. Different reaction time was
investigated to clarify that time has a effect on NaYF,:Yb,
Er nanocrystal’s size and fluorescence intensity. 2 h; 4 h; 6 h;
8h; 10h were chosen to study. Figure 4 shows the XRD
patterns of the samples, and it shows that all the samples
are pure hexagonal; reaction time has little influence on
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FIGURe 4: XRD patterns of NaYF,:Yb, Er nanocrystals prepared
under different reaction time (RE/TEPA = 1:1; water/ethanol =
1:1;16.7 mmol/L).
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Figure 5: Upconverted fluorescence spectra of NaYF,:Yb, Er
nanocrystals prepared under different reaction time (RE/TEPA =
1:1; water/ethanol = 1:1; 16.7 mmol/L).

products’ phase. Upconverted fluorescence spectra (Figure 5)
show the difference between the as-prepared products; with
the reaction time increases, the luminescent intensity of
the nanoparticles was enhanced due to the increasing crys-
tallinity. The FE-SEM of these samples (Figure 6) indicates
when the reaction time is 2h, the size of the as-prepared
samples is relatively small, increases the time to 4 h, the size
of the nanoparticles increases from 100 nm to 140 nm, while
when the reaction time extends from 6 h to 10 h, the size of
the nanoparticles has no evidence change.

4.3. Effect of Solvent Composition. Water and ethanol were
used as solvent in this study. The composition of the

Journal of Nanomaterials

water/ethanol was takenas2:1; 1: 1; 1 : 2 with identical other
parameters. The XRD of the as-prepared products is showed
in Figure 7; it clearly shows that all the samples are pure
hexagonal phase. As in Figure 9, FE-SEM images show the
morphology of the corresponding products, the size becomes
smaller when the ratio of water to ethanol changes from
2:1to 1:2, the average size of the corresponding samples is
about 245 nm; 160 nm; 94 nm. With the increase of ethanol
in the solvent, the pressure of the autoclave increased and
the solubility of the inorganic salts was lowered facilitating
the supersaturation procedure, hence promoted the growth
of the nanocrystal and improved the crystallinity of the
nanocrystal [15]. Because the size of the sample prepared
by water/ethanol = 1:2 is smaller than prepared by 1:1,
considered both two factors, the luminescent intensity of the
product prepared by water/ethanol = 1:1 was the strongest
(Figure 8).

4.4. Effect of Rare Earth Concentration. As the volume of the
Teflon-lined autoclave and total liquid is constant (60 mL),
we changed moles of the rare earth to investigate the effect
of the rare earth concentration on the fluorescence intensity
and morphology of the as-prepared NaYF,:Yb, Er. The
concentration of the rare earth was taken as 8.33, 16.7,
and 33.3 mmol/L, respectively, the other parameters were
constant. Figure 10 is the XRD patterns of these samples.
It can be seen that all of the products are hexagonal phase,
so the rare earth concentration has no effect on crystal
phase. Figure 12 is the FE-SEM of the product; the average
size of the prepared nanocrystals is about 182 nm, 160 nm,
and 125 nm, respectively, when the rare earth concentration
was 8.33, 16.7, and 33.3 mmol/L. The lower the rare earth
concentration is, the smaller the average size of the products.
Rare earth concentration affects not only the morphology
but also the fluorescence intensity of the prepared samples.
The upconverted fluorescence spectra are given in Figure 11.
When the rare earth concentration was 8.33 mmol/L, the
luminescence intensity was the highest. With the increasing
of the rare earth concentration, the luminescence intensity
reduced. The phenomenon may be due to the difference
in size, the larger the size, the stronger the luminescence
intensity.

5. Conclusion

In summary, we have directly introduced amine groups
onto UCNPs using TEPA as a new chelating ligand. A
series of hexagonal phase NaYF,:Yb, Er nanoparticles was
obtained through hydrothermal method. The influences of
rare earth concentration, the ratio of rare earth to TEPA,
reaction time, and solvent composition on the morphology
and fluorescence intensity of the as-prepared NaYF,:Yb, Er
samples were investigated. It was found the lower the rare
earth concentration, the stronger the fluorescence intensity
of the as-prepared NaYF4:Yb, Er. When the ratio of RE/TEPA
decreased, the size of the as-prepared nanocrystals increased,
while when RE/TEPA reduced to 1:2, the fluorescence
intensity of the product decreased. Long reaction time was
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under different solvent composition (RE/TEPA = 1:1; t = 6h;
16.7 mmol/L).
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Figure 8: Upconverted fluorescence spectra of NaYF,:Yb, Er nano-
crystals prepared under different solvent composition (RE/TEPA =
1:1;t=6h; 16.7mmol/L).

beneficial to the growth of the nanocrystal, when the time
extended to 6 h, prolonged reaction time, nanocrystal’s size
had no evidence change, but the fluorescence intensity still
enhanced. The solvent in different composition of water T =

and ethanol was also discussed; with the increase of ethanol Rl R TR Sl o
in the solvent, the size of the particle decreases, and when (c)

water/ethanol is 1:1, the fluorescence intensity of the as-

prepared samples is strongest. The paper demonstrates that g ke 9: FE-SEM images of NaYF,:Yb, Er nanocrystals prepared

amine can be covered by nanocrystals directly without under different solvent composition: (a) water/ethanol = 2:1; (b)
any other surface modification that makes the synthesis of  water/ethanol = 1: 1; (c) water/ethanol = 1:2 (RE/TEPA=1:1; ¢t =

bioprobe and bioimaging more easy and effective. 6h; 16.7 mmol/L).
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Propeller-shaped and flower-shaped ZnO nanostructures on Si substrates were prepared by a one-step chemical vapor deposition
technique. The propeller-shaped ZnO nanostructure consists of a set of axial nanorod (50 nm in tip, 80 nm in root and 1 gm in
length), surrounded by radial-oriented nanoribbons (20-30 nm in thickness and 1.5 ym in length). The morphology of flower-
shaped ZnO nanostructure is similar to that of propeller-shaped ZnO, except the shape of leaves. These nanorods leaves (30 nm
in diameter and 1-1.5 ym in length) are aligned in a radial way and pointed toward a common center. The flower-shaped ZnO
nanostructures show sharper and stronger UV emission at 378 nm than the propeller-shaped ZnO, indicating a better crystal
quality and fewer structural defects in flower-shaped ZnO. In comparison with flower-shaped ZnO nanostructures, the propeller-
shaped ZnO nanostructures exhibited a higher photocatalytic property for the photocatalytic degradation of Rhodamine B under

UV-light illumination.

1. Introduction

Zinc oxide (ZnO), a remarkable II-VI semiconductor with
a wide direct band gap of 3.37 eV and large exciton binding
energy of 60 meV at room temperature, has attracted consid-
erable interests due to potential application in photocatalysis
[1], sensors [2], light-emitting diodes [3], solar cells [4],
and so forth. Compared with TiO,, ZnO as a potential
photocatalyst has the advantage of lower cost, absorbing
more light quanta and higher photocatalytic efficiencies
for the degradation of several organic pollutants in both
acidic and basic medium than TiO; [5, 6]. Many strategies
have been developed to improve the photocatalytic activity
of ZnO nanostructures such as changing the structural
and morphological characters (size, shape, and crystalline
structure, etc.) [7, 8]. A variety of ZnO nanostructures such
as nanowires [9], nanorings [10], nanorods [11], nanobelts
[12], nanosheets [13], and star-shaped nanostructures [14]
have been synthesized by a number of techniques, which
mainly include the hydrothermal synthesis [15], solution-
based synthesis [16], template-based synthesis [17], chemical

vapor deposition (CVD) [18], arc discharge technique [19],
and thermal evaporation process [20]. Although many
works have been reported about the ZnO nanostructures,
little information concerning the photocatalytic activity
of propeller-shaped ZnO nanostructures was presented in
previous studies [21, 22].

In this letter, propeller-shaped and flower-shaped ZnO
nanostructures were prepared on Si substrates by a one-step
chemical vapor deposition technique. The morphology, crys-
tal structure, optical property, and photocatalytic property
were studied.

2. Experimental Section

2.1. Sample Preparation. N type Si (001) substrates (1.5 cm X
1.5 cm) were ultrasonically cleaned in hydrochloric acid solu-
tion, acetone, and deionized water for 30 min, respectively.
Commercial Zn powder (1.0 g) with a purity of 99.999% was
used as the source material and put in an alumina boat, two
pieces of Si substrates (positionl: near the Zn powder at a



distance of 3 cm, the sample was labeled as S1; position 2:
far from the Zn powder at a distance of 5 cm, the sample was
labeled S2) were placed sequentially in the alumina boat. The
boat was loaded into a furnace with a horizontal alumina
tube. Two ends of the tube were sealed using mechanically
clamped steel plates with the rubber gaskets. The tube was
evacuated by a mechanical rotary pump. Then the furnace
temperature was raised to 1000°C at a rate of ~20°C/min
while oxygen gas was introduced into the chamber. After
reaction for 1h, the furnace was cooled down to room
temperature naturally.

2.2. Characterization. The crystallographic information of
the prepared samples was analyzed by powder X-ray diffrac-
tion (XRD) using a Bruker AXS D8 DISCOVER X-ray
diffractometer with Cu Ka radiation (0 = 1.5406 A). The
morphology and composition of the as-deposited products
were characterized by field emission scanning electron
microscope (FESEM, S-4800) and energy-dispersive X-ray
spectrometry (EDX), respectively. Transmission electron
microscopy (TEM) and high-resolution transmission elec-
tron microscopy (HRTEM) were performed on JEOL 2010F
high-resolution TEM system. Photoluminescence properties
of ZnO nanostructures were measured on a FLSP920 fluo-
rescence spectrometer using a Xe lamp with the excitation
wavelength of 320nm at room temperature. Brunauer-
Emmett-Teller (BET) nitrogen adsorption-desorption was
measured using a Micromeritics ASAP 2010 system.

The photocatalytic activity of the prepared samples was
evaluated by the photocatalytic degradation of RhB aqueous
solution performed at room temperature (ca. 20°C). The
experimental procedure was as follows. 0.01 g of the prepared
powders was dispersed in 30 mL of RhB aqueous solution
with a concentration of 1.0 X 107> mol-L~! in a beaker (with
a capacity of 50 mL), and the suspensions were placed in dark
for 30 min before illumination to allow sufficient adsorption
of RhB. A 100 W mercury lamp placed 2 cm above the beaker
with a wavelength of 365 nm was used as a light source. The
concentration of RhB aqueous solution was determined by a
UV-visible spectrophotometer (UV-4802H, UNICO). After
UV-light irradiation for 30 min, the reaction solution was
filtered, and then the absorbance of RhB aqueous solution
was measured.

3. Results and Discussion

XRD analysis was adopted to analyze the crystal structure
and phase composition of the obtained products. Figures
1(a, b) show the XRD patterns of the products obtained at
different position. All the diffraction peaks can be indexed to
wurtzite hexagonal ZnO (JCPDS Card file no. 70-2551). No
other diffraction peaks are detected, indicating that all the
as-prepared products are pure ZnO. Figure 2 shows FESEM
images of the products obtained at different positions. As
shown in Figure 2(a), the morphology of sample S1 is similar
to the propellers, which consists of a set of axial nanorod
(50 nm in tip, 80 nm in root and 1 ym in length), surrounded
by radial oriented nanoribbons (20-30 nm in thickness and
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Figure 1: XRD patterns of the products obtained at different
positions: (a) S1 and (b) S2.

1.5 ym in length). Figure 2(b) shows FESEM image of sample
S2. The flower-shaped products are composed of aligned
nanorods (30 nm in diameter and 1-1.5 ym in length) in a
radial way, and all the nanorods pointed toward a common
center. BET surface area measurements of samples indicate
that the Spgr of propeller-shaped and flower-shaped ZnO
nanostructures are 23.5m?/g and 25.1 m?/g, respectively.

TEM, HRTEM, and EDX were also used to characterize
the structural properties of ZnO nanostructures. Figure 3(a)
shows TEM image of a single nanoribbon in propeller-
shaped ZnO nanostructures. The corresponding HRTEM
image recorded from an individual nanoribbon (Figure 3(b))
clearly shows the well-resolved interference lattice fringe of
about 0.28 nm that corresponds to the (100) crystal plane
of ZnO phase. The EDX spectrum of propeller-shaped ZnO
nanostructures was presented in Figure 3(c), in which the
propeller-shaped products are composed only of Zn and O,
and this result is in good accordance with the XRD analysis.
The appearance of Si peak in the spectrum attributes to the
silicon substrate. Figures 3(d), 3(e), and 3(f) show the TEM
image, HRTEM image, and EDX spectrum of flower-shaped
ZnO nanostructures, respectively. All character results indi-
cate that the products synthesized in both positions are ZnO.

Figure 4 shows the room-temperature PL spectra
recorded from propeller-shaped and flower-shaped ZnO
nanostructures. The sharp peak at 378 nm corresponds
to the near-band-edge emission (UV emission) of ZnO,
which is attributed to the recombination of photogenerated
electrons and holes [23]. The peak at 495 nm corresponded
to the deep-level emission (visible emission) is associated
with defects in ZnO lattice, such as oxygen vacancy and
Zn interstitials [23, 24]. The deep-level emission (Fig-
ure 4(a), propeller-shaped ZnO) may indicate the existence
of oxygen vacancies in the propeller-shaped nanostructures.
Figure 4(b) shows a strong, dominated- and high-intensity
peak at 378 nm in the UV region and a suppressed and
weak band at 495nm in the visible region. It is known
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FIGURE 3: (a, b, and ¢) TEM image, HRTEM image, and EDX spectrum of the propeller-shaped ZnO nanostructures, respectively; (d, e, and
f) TEM image, HRTEM image, and EDX spectrum of the flower-shaped ZnO nanostructures, respectively.

that the improvement in the crystal quality such as low-
structural defects, oxygen vacancies, zinc interstitials- and
decrease in the impurities may cause the appearance of
sharper and stronger UV emission and a suppressed and
weakened green emission [25]. Thus, the strong UV emission
and weak green emission observed in Figure 4(b) (flower-
shaped ZnO) may be ascribed to the good crystal quality with
less structural defects of flower-shaped ZnO nanostructures.
The significant defect-related emission property of ZnO
nanostructures may be beneficial to their photocatalytic
property.

Heterogeneous semiconductor (TiO, and ZnO) pho-
tocatalysis is a promising new alternative method among
advanced oxidation processes (AOPs) which generally
includes UV/H,0O,, UV/Os; or UV/Fenton’s reagent for
oxidative removal of organic chemicals [26-28]. To demon-
strate the photocatalytic of the ZnO nanostructures, the
degradation of RhB was examined as a model reaction.

The variety of characteristic absorption of RhB at 554 nm
was applied to monitor the photocatalytic degradation
process. Figure 5 shows the UV-vis absorption spectrum of
an aqueous solution of RhB (initial concentration: 1.0 X
107> M, 30mL) in the presence of propeller-shaped ZnO
nanostructures (0.01 g) under UV irradiation. The absorp-
tion peaks corresponding to RhB diminished gradually as the
exposure time was extended. Figure 6 shows the comparison
of photocatalytic activities of propeller-shaped and flower-
shaped ZnO nanostructures. Significantly, the concentration
of RhB barely changed without any catalyst (Figure 6(a)),
whereas that of RhB gradually decreased in the presence
of propeller-shaped and flower-shaped ZnO nanostructures
under UV-light illumination. Obviously, the photocatalytic
ability of propeller-shaped ZnO nanostructures is better than
that of flower-shaped ZnO nanostructures (Figure 6(b, ¢)).
When the heterogeneous semiconductors are illuminated
with UV-light, the electron/hole pairs are produced with
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FIGURE 5: Absorption spectrum of the RhB solution in the presence
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electrons promoted to the conduction band and leaving the
positive holes in the valence band. These electron hole pairs
can either recombine or can interact separately with other
molecules and induce a complex series of reactions that
might result in the complete degradation of the dye pollu-
tants adsorbed on the surface of the semiconductor materials
[29-31]. Based on the PL results mentioned above, the peak
at 378 nm is due to the recombination of a photogenerated
hole with an electron occupying the oxygen vacancies in the
ZnO nanostructures, whereas the peak at 495 nm is caused
by the recombination of electrons in single-occupied oxygen
vacancies [31]. The low PL spectrum intensity at 378 nm
(Figure 4(a), propeller-shaped ZnO) indicates that the rate
of the recombination between photogenerated holes and
electrons might be lower on the surface of propeller-shaped
ZnO nanostructures than that of flower-shaped ZnO nanos-
tructures, which is beneficial for the photocatalytic reaction.
The PL spectra at 495 nm show that oxygen vacancies might
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be presented in both the propeller-shaped and flower-shaped
ZnO nanostructures. Considering the Spgr of propeller-
shaped samples (23.5m?/g) is lower than that of the flower-
shaped ones (25.1 m?/g), the higher photocatalytic property
of propeller-shaped ZnO nanostructures for the degradation
of RhB molecules may be caused by the lower rate of
recombination between photogenerated holes and electrons
on the surface of propeller-shaped ZnO nanostructures.

4. Conclusions

Propeller-shaped and flower-shaped ZnO nanostructures
were prepared on Si substrates by chemical vapor deposition
technique. In comparison with the propeller-shaped ZnO,
the flower-shaped ZnO nanostructures show sharper and
stronger UV emission at 378 nm and broader and weaker
green emission at 495 nm, indicating a better crystal quality
and fewer structural defects in the flower-shaped ZnO. How-
ever, the propeller-shaped ZnO nanostructures exhibited a
more effective photocatalytic property for the photocatalytic
degradation of Rhodamine B under UV-light illumination
than flower-shaped ZnO nanostructures.
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We have investigated the effect of water (H,O) cooling and heat treatment on the luminescence efficiency of core CdSe quantum
dots (QDs). The photoluminescence (PL) quantum yield of the CdSe QDs was enhanced up to ~85%, and some periodic bright
points were observed in wide color ranges during the heat treatment of QDs mixed with H,O. The PL enhancement of QDs could
be attributed to the recovery of QDs surface traps by unreacted ligands confined within the hydrophilic H,O molecule containers.

1. Introduction

Colloidal semiconductor nanocrystals, so-called quantum
dots (QDs), have generated tremendous interest both for
fundamental research and technical applications such as light
emitting diodes (LEDs) [1], bioimaging [2], and solar cells
[3]. Because of their size-dependent photoluminescence (PL)
related to quantum-size effect tunable across the wide visible
spectrum, CdSe QDs have become the most extensively
investigated QDs [4]. Since core CdSe QDs usually have low
luminescence efficiency, much experimental work has been
devoted to surface passivation to improve the luminescence
efficiency of QDs. Several methods of organic and inorganic
surface modification have been developed to mediate the
problems by passivation of the surface defects of QDs. The
organic passivation methods such as polymer encapsulation,
surface grafting, and ligand exchange [5-7] have usually
accompanied a decrease in quantum yield (QY) and an
undesirable size increase relative to the original QDs and
more QDs being included in the polymer encapsulation. It
is well know that shelling of inorganic atomic layers with
a wider bandgap on the surface of core QDs effectively
reduces nonradioactive recombination which results in the
enhancement of PL QY [8, 9]. The QY reported values
are generally lower than 50% for nonpassivation QDs and
the best reported values of QY are approximately ~80%

for inorganic-shelled QDs [9, 10]. For this reason, the
effects and methods for shelling on the surface of core
QDs have been intensively studied. However, additional
inorganic shelling has to be delicately controlled to obtain the
desirable atomic layers and can have possible problems such
as lattice mismatch (limited materials), FWHM broadening,
and size increases. Moreover, the various shelled QDs still
have surface state problem such as PL decrease of multishell
QDs at ligand exchange process [11]. QDs are commonly
prepared by organometallic chemistry using a mixture
of trioctylphosphine (TOP) and trioctylphosphine oxide
(TOPO) as the prototypical ligand system [10]. These ligands
as the capping group provide colloidal stability in organic
solvents such as chloroform, hexane, and toluene and serve as
agents for reducing the undesirable electronic effects related
to dangling bonds or surface states. Although the surfaces of
the QDs are passivated by these organic ligands during the
synthesis process, the PL QY of the QDs is usually very low.
There was a report about the “bright point” of core QDs,
in which the QY reached approximately ~80% by adjusting
the chemical ratio, synthesis time, and temperature [12].
However, the wavelength showing the “bright point” was
limited to orange color range at about ~610 nm. It could also
be very effective to enhance the PL QY by reducing some or
the entire surface trapping states of the low QY QDs through
a simpler posttreatment instead of searching for complex
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FIGURE 1: (a) The PL spectra of the QDs cooled by different solvents and additional heat treatment, (b) the change in PL spectra after
additional heat treatment of the QDs in different solvents, (c) the ratio of PL peak intensity calculated from the experimental date of (b).

The inset of (a) is the photograph of core CdSe QDs under room light.

synthesis conditions. Therefore, in this communication, we
have designed H,O containers as a mechanism in order to
recovery surface trap states effectively. We have improved
dramatically the PL QY of the core CdSe QDs up to ~85%
in the green color range which was not in the reported bright
point widow of the orange color.

2. Experimental Procedures

A 2 M stock solution of trioctylphosphine selenide (TOP : Se)
was prepared by dissolving 15.8 g of Se into 100 mL of TOP.
The stock solution was filled in 100 mL three-neck round-
bottomed flask and fitted with a thermocouple temperature
sensor and condenser, with TOPO (10g), HDA (10g) and
TOP (2.5mL), and heat to 170°C under vacuum for 1-2h
and raise the temperature to 340-350°C. In a separate vial,
mix Cd(acac); (620 mg), HDDO (1 g), and TOP (5mL) and
heat under vacuum to 100°C; the solution should become
homogeneous. Cool the mixture to approximately 80°C

and add 5mL of a 2M TOP: Se. The solution mixture of
cadmium and selenium precursors was rapidly injected into
the hot flask containing the coordinating solvent, and then
cooled using each solvents. The QDs extracted from same hot
batch were divided into different cooling solvents. The QDs
with different cooling solvents were heated in vacuum oven
under air condition at 120°C.

3. Results and Discussion

Figures1(a) and 1(c) show a 2-fold increase in the PL
intensity obtained by changing the cooling process. The 5-
fold enhancement in the PL intensity was finally achieved
by additional heat treatment. Diverse solvents such as
toluene, hexane, methanol, ethanol, acetone, and H,O were
applied to confirm the effect of the cooling process on the
enhancement of the PL intensity of the QDs (Figure 2(a)).
Toluene and hexane were most frequently used in the cooling
process because the QDs dissolved very well in these solvents.
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FiGgure 3: The QY and red-shift of CdSe QDs during heat treatment.
QYs calculated by comparison of the standard dye Rhodamine 6G.

It was also confirmed that the extracting orders of the
QDs and transferring orders to the solvents did not have a
significant effect on the PL properties of the QDs. Therefore,
the cooling process was the main parameter for comparing
the PL properties of the QDs in these experiments. The
supernatant QDs collected after mixing vigorously with H,O
were redispersed in toluene or hexane to measure the PL.
The concentration of the QD samples was adjusted by the
absorption peak of the QDs previously described elsewhere
(Figure 2(b)) [13]. The PL enhancement in H,O-cooled QDs
could be related to the surface states induced during the
H,O cooling process compared to that of the QDs cooled in
toluene or hexane (Figures 1(a) and 1(c)). The QD samples
remixed with H,O after cooling first in toluene or hexane did
not show any enhanced PL intensity. It is worth mentioning

H,O cooling

Toluene cooling

Intensity (a.u.)

Hexane cooling

20 30 40 50 60
20

FiGUure 4: XRD patterns of CdSe QDs with different cooling sol-
vents.

that no significant enhancement of PL was observed in water-
mixed QD samples after the cooling process using organic
solvents. It means that PL enhanced mechanism related to
H,0-cooled QDs could be decided during the first cooling
process after extracting the QDs from the reaction flask.

The PL intensity of the QDs can be further improved
by low heat treatment (Figure 1(b)). The effects of heat
treatment on the PL intensity of the QDs were investigated
by changing the duration of the heat treatment at 120°C.
The QDs solutions were prepared by mixing the QDs
and the different cooling solvents in vacuum oven under
air conditions heated at 120°C, the concentrations of the
heat-treated QD solutions were also adjusted by diluting
with toluene or hexane based on their absorption spectra
as previously reported. After the heat treatment, the QD
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FIGURE 5: Schematic of (a) the mechanism for the enhanced ligand passivation of QDs within H,O molecular containers, (b) the states of
QDs and ligands within general organic solvents.
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solutions showed red shifts in the PL spectra which could
be a result of additional growth during the heat treatment.
The red-shifted values of each sample were different, which
could be due to the difference in the effective heat energy
contributing to the QDs growth related to the different
vapor temperatures of the toluene and hexane. The high PL
intensities of the CdSe QDs were shown to be at around
three wavelengths of 525nm, 542 nm, and 552nm during
the extended heat treatment. Some periodic bright points
were shown before the rapid deterioration of PL QY for the
QDs (Figure 3).This result demonstrates a possible method
to control the emission color of QDs related to bright
point using postheat treatment. From the results of the
periodic enhancement of PL QY, it is assumed that the
optimized states of the QD surfaces showing the high PL
QY could have existed during the postheat treatment. The
as-synthesized core QDs with low PL QY could be due to
the role of seeds with relatively more surface defects which
could further increase the size of the seeds (showing the
red-shift) accompanied by the effective recovery of surface
defects with unreacted source compounds and ligands inside
the H,O molecule containers during the postheat treatment.
The reduction in PL QY of the QDs after passing the bright
point could be attributed to the occurrence of perturbation
in the optimized structure of the QDs at the bright point.
The average PL QY at the bright point had values over
approximately 80% and FWHM was approximately 22 nm.
The bright points with the high PL QY of the core QDs could
not be confined to the orange color range but also existed in
a wider color ranges during the heat treatment.

Cordero and coworkers demonstrated that PL increase
by adsorbed water molecules [14]. Myung and coworkers
had also shown PL increase by oxygen passivation of surface
states [15]. In both cases, it was suggested that the PL
enhancement of QDs is originated by the additional oxide
layer formed on the QDs’ surface. However, we suggest
different mechanism for the PL enhancement because of
two reasons. First, no significant differences in XRD data
from all samples with different cooling process showed
similar XRD patterns (Figure 4). The formation of oxide
layer on the surface of water-cooled QDs could generate
different XRD patterns/additional peaks related to oxide
layer. Second, if the PL enhancement is originated by an
oxide shell, a single optimal shell thickness showing the
maximum PL intensity could exist. The PL intensity could be
continuously decreased beyond the optimal shell thickness,
which is generally observed during the shelling process [16].
However, the periodic bright points were shown during
extended annealing of QDs within H,O molecule containers
(Figure 3), which is significantly different behavior com-
pared with the shelling process.

Therefore we suggested basic chemical mechanism for
the dramatic improvement of QY in the H, O cooling process,
and heat treatment is suggested in Figure 5(a). In the case
of the aqueous synthesis, the CdTe QDs showed a very high
PL QY at about ~90% QY [17] using the well-known Stober
method [18, 19]. In contrast, general solvent synthesis meth-
ods avoid H,O and air which could induce oxidation and
damage of the QDs. However, the luminescence properties

of the QDs were not degraded when the as-synthesized QDs
were mixed with H,O. QDs with hydrophobic ligands have
no chance for direct contact with H,O just like water and
oil. This phenomenon can be applied to confine QDs within
H,0 molecule containers which could have a similar role as
a reverse micelle. The distance between the confined QDs
and the unreacted ligands/chemical compounds is much
closer within the H,O molecule containers, which results in
a decrease in the activation energy required for a chemical
reaction. This environment within H,O molecule containers
leads to a larger red-shift of H,O-cooled QDs compared to
solvent-cooled ones in the PL spectra with the same heat-
treatment time (Figure 1(b)). The high enhancement of PL
QY can only be obtained from the H,O-cooling process
with the high-temperature QDs. Therefore, it is assumed that
the confinement environment and temperature are necessary
to enhance the PL QY of QDs by the efficient recovery
of surface trap states during the H,O cooling process. In
contrast, cooling using organic solvents could not meet both
requirements and brought about the loss of surface ligands
by generating a well-dispersive state (Figure 5(b)). Qu and
Peng demonstrated that the PL bright point of QDs is in
the orange color region which was observed in the QDs
synthesis process [12]. However, our results show a more
“bright point” and existed in more widely optical windows
(Figure 2) due to the H,O cooling and postheat treatment
process. These findings will significantly contribute to the
development of bright core QDs and have also considerable
implications for diverse application by further passivation
processes accompanied with water such as silica coating,
polymer encapsulation, and biofunctionalism. The suggested
method provides an environmentally friendly method com-
pared to cooling processes using organic solvents which
generate CO;.

4. Conclusions

In conclusion, we have reproducibly demonstrated high
enhancement of PL QY in the core of QDs and color
controllability by finding additional bright points with
an H,0O-cooling and postheat treatment process. It was
experimentally confirmed that the H,O molecular containers
could effectively passivate the surface defects of core QDs by
the reaction of unreacted ligands/source compounds within
H,0 molecule containers. These findings can have signifi-
cant potential implications in refuting the stereotypes that
the H,O conceptually degrades the luminescent properties
of QDs and has to be avoided in the synthesis and post-
treatment of QDs. This suggested method also provides
an environmentally friendly method without using organic
solvents.
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