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Abstract

In the present work, well-dispersed structures of spherical-like pure ZnO, Al doped ZnO (AZO) and Al, Sn co-doped ZnO (ATZO)
nanocrystals were successfully synthesized by using zinc acetate dihydrate as the starting material and also the low temperature
hydrothermal process without any additional surfactant or catalytic agent. The ZnO structures were characterized by X-ray diffraction
(XRD), and transmission electron microscopy (TEM). The XRD results revealed that ZnO powders have a hexagonal crystal structure
and the TEM indicated that the nanoparticles self-aggregate. An X-ray photoelectron spectroscopy (XPS) study confirmed the
substitution of Zn>* by Sn and Al ions. Optical properties of the ZnO structures were investigated by Raman spectroscopy and room-
temperature photoluminescence (PL) spectroscopy. The Raman spectroscopy results demonstrated that the doped ZnO nanoparticles
had a higher crystalline quality than that of pure ZnO. Room-temperature PL spectra of these structures showed a strong UV emission
peak and a relative weak green emission peak, and the UV peak of the doped ZnO nanoparticles was blue-shifted with respect to that of

the undoped ZnO nanoparticles.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Due to its unique optical, electrical, magnetic, acoustic
and chemical properties, zinc oxide (ZnO) nanoparticles
are a promising candidate for application in piezoelectric,
optoelectronics, chemical sensors and solar cells [1-3].
Apart from the technological significance of the ZnO
nanostructures, their quasi-one-dimensional structure with
diameters in the range of tens to hundreds of nanometers
makes them interesting from a scientific point of view.
In this size range, they are expected to possess interesting
physical properties and pronounced coupling quite differ-
ent from their bulky counterpart [4].
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Recently, a variety of methods have been introduced to
prepare ZnO nanoparticles such as radio frequency sput-
tering [5], pulsed laser deposition [6], laser molecular beam
epitaxy [7], chemical vapor deposition [§], sol-gel proces-
sing [9] and hydrothermal method [10-13]. The hydro-
thermal method is a promising one for fabricating ideal
structures with special morphology because of the advan-
tages such as low cost, low temperature, high yield and
scalable process.

To modify structural, optical and other properties of
ZnO nanostructures, it is practical to dope or decorate
ZnO with other elements. In single-doped ZnO, Al doped
ZnO thin films have attracted most of the researchers’
attention for their several advantages in terms of conduc-
tivity, thermal and chemical stability [14-16], while Sn
doped ZnO (TZO) thin films were reported for their
improvement in electrical conductivity and the enhance-
ment of green band emission [17,18]. What is more, Zn can
be easily substituted by Sn ions without introducing a large
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lattice distortion due to their almost equal radius (Zn>™ is
0.074 nm and Sn** is 0.069 nm). There are several reports
related to Al and X (In, Ga, V) co-doped ZnO thin films,
such as Al-In co-doped ZnO thin films had better
conductivity than Al single-doped ZnO (AZO) [19].
Al-V co-doped ZnO thin films improved the thermal
stability [20] and Al-Ga co-doped ZnO thin films enhanced
the humidity durability as compared with AZO [21].
Therefore, it appears that Al and Sn co-doped ZnO can
be attractive because the co-doping may be leading to
improvement in some properties of ZnO nanoparticles. In
this paper, undoped ZnO, AZO and ATZO nanoparticles
were synthesized by hydrothermal method and the struc-
ture, surface morphology and optical properties of these
nanoparticles were investigated.

2. Experimental details

All chemicals for this research were of analytical grade and
used without further purification. AZO nanoparticles were
synthesized by dissolving 1.76 g zinc acetate dihydrate
(Zn(CH;COO), - 2H,O, 8 mmol) and 0.097 g aluminum
chloride hexahydrate (AICl;-6H,0, 0.4 mmol) in 40 ml
deionized (DI) water (AI>*/Zn** =5%). The diethylamine
(8 mmol dissolved in 10 ml DI water) was added dropwise
to the reaction mixture under continuous stirring for 3 h.
The pH of the solution was maintained at 12.5 by 0.1 M
sodium hydroxide (NaOH). The resultant mixture was
transferred into Teflon lined stainless steel autoclave
(100 ml) and kept at 140 °C for 3 h. The obtained precipitates
were washed three times by DI and ethanol and dried at
60 °C in air, and then the obtained AZO powder was
annealed at 500 °C for 1h in a muffle furnace. For the
synthesis of ATZO nanoparticles, the same materials and
conditions were used except for the addition of tin tetra-
chloride pentahydrate (SnCl, - SH,O, 0.07 g, 0.2 mmol) and
the amount of Al was changed from 0.4 mmol to 0.2 mmol
(APY/Zn**t =2.5%, Sn**/Zn**=2.5%). The undoped
ZnO nanocrystals were synthesized by adopting the same
procedure but without AlCl; - 6H,O and SnCl, - SH,O.

The crystal structural and morphological studies of the
prepared ZnO and doped ZnO nanoparticles were per-
formed by X-ray diffractometer (41=1.5405 A, Rigaku-
Ultima III) in the Bragg angle ranging between 10° and
70° and transmission electron microscopy (TEM, JEM
JEOL 2100). The chemical state of the dopants of
co-doped thin films was investigated by X-ray photoelectron
spectroscopy (XPS, ESCA LAB 220-XL). The optical
properties were measured by Raman spectrum (Raman
microscope, Renishaw, 514.5 nm) and the room tempera-
ture photoluminescence spectrometer (PL, He—Cd Laser,
325 nm).

3. Results and discussion

Fig. 1 shows the XRD patterns of undoped and doped
ZnO nanostructures. The positions of the diffraction peaks
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Fig. 1. XRD patterns of undoped ZnO, AZO and ATZO nanoparticles.

showed that all the films were polycrystalline with a
structure that belonged to the ZnO hexagonal wurtzite
type (JCPDS no. 36-1451). The absence of Sn, SnO, SnO,
or Al,O3; peak excludes the existence of Al or Sn-based
clusters. The higher intensity of the (002) diffraction peak
compared with the(100) and (101) plane suggested that the
nanoparticles exhibited a c-axis preferred orientation, and
the c-axis preferred orientation was enhanced by doping.
The full width at half maximum (FWHM) of the (002)
plane of ATZO nanoparticles was smaller than that of
undoped ZnO and AZO nanoparticles, indicating the
bigger grain size of ATZO nanoparticles.

The TEM images of undoped and doped ZnO nano-
particles are shown in Fig. 2. From the TEM micrographs,
it is observed that the doping has little influence on the
morphological characterizations. The TEM micrographs
showed that both undoped and doped ZnO nanocrystals
were self-aggregated towards superstructures during the
process of synthesis, which was similar to the Mn—Sn co-
doped ZnO thin films reported previously [22].

Fig. 3a shows the XPS survey scan spectrum of undoped
and doped ZnO nanoparticles, which was calibrated by
taking the C (1s) peak (284.8 ¢V) as reference. Obvious Zn
2p, O 1s, and Sn 3d peaks can be seen, indicating the
existence of zinc, tin and oxygen on the surface of the
nanoparticles. The inset image of Fig. 3a shows the peaks
corresponding to Sn 3ds,, and the peaks consist of two
oxide peaks have binding energies centered at 486.2 and
487.3 eV, which were consistent with the standard values
of SnO at 486.4 ¢V and SnO, at 487.3 eV, respectively, as
given in the literature [17]. The appearance of these peaks
indicates the incorporation of Sn dopant in the ZnO
lattice.

The Al 2p spectra of the AZO and ATZO thin films were
a little weak. However, it was still successfully monitored
and is shown in Fig. 3b, which can be Gaussian-resolved
with three peaks centered at 72.7, 73.7 and 74.4¢V.
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Fig. 2. TEM images of (a) undoped ZnO, (b) AZO and (c) ATZO nanoparticles.
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Fig. 3. (a) XPS survey scans spectra of undoped ZnO, AZO and ATZO nanoparticles (inset: XPS spectra of Sn 3ds,), and (b) XPS spectra of Al 2p of

AZO and ATZO nanoparticles.

The binding energies of 72.7 and 73.5 eV are consistent with
the standard values of Al 2ps3, and Al 2p, . The value of
74.4 eV, which was lower than the binding energy (75.6 ¢V)
of amorphous Al,O; films may be due to the changes of
Al-surrounded atoms in different lattices [23]. The higher

intensity of Al 2p spectra of AZO nanoparticles than that of
ATZO was due its high Al doping concentration.

The Gaussian-resolved result for all O 1s XPS spectra in
Fig. 4 shows three components of oxygen varying in
chemical states which are different in binding energy Or:
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Fig. 4. XPS spectra of O 1s peak of (a) undoped ZnO, (b) AZO and (c)
ATZO nanoparticles.

529.740.15eV, Op: 531.24+0.15¢eV, Oy 532.3 +0.10eV.
The highest Oy peak is generally ascribed to the chemi-
sorbed oxygen at grain boundaries on the surface of the
films. The lowest O; peak is attributed to the lattice O~ in
the wurtzite structure of hexagonal Zn ion array. While the
Oy peak is associated with O®~ in the oxygen deficient
regions within the matrix of ZnO [3,10,24]. Intensity change
of this peak revealed a variation of the oxygen vacancies in
the films. The increment of oxygen vacancies was observed
for doped ZnO nanoparticles, indicating that the level of
oxygen vacancies increased with doping. In addition, the
AZO nanoparticles exhibited higher level of oxygen vacancies
compared with undoped ZnO and ATZO nanoparticles.
Raman spectroscopy is an effective technique for esti-
mating the crystallinity of materials. According to the
group theory, single crystalline ZnO belongs to the Cg\,
space group having two formula units per primitive cell,
and eight sets of optical phonon modes at the I" point of
the Brillouin zone, classified as A;+E;+2E, (Raman
active), 2B; modes (Raman silent) and A;+E; modes
(infrared active). The E; and A; modes are two polar
modes and are split into transverse optical (TO) and
longitudinal optical (LO) branches [25,26]. As shown in
Fig. 5, both undoped and doped ZnO nanoparticles
showed sharp, strong and dominating peaks around
437 cm™ !, which belongs to E, (high) mode of wurtzite
hexagonal phase of ZnO. The peak centered at 331 cm ™"
belonged to E, (low) mode. A weak peak at 583 cm ™!
corresponding to E; (LO) mode was observed for the
undoped and doped ZnO nanoparticles. The E{(LO) mode
is associated with impurities and formation of defects such as
oxygen vacancies and Zn interstitial [10,25]. The negligible
peak showed that the level of defect concentration of
undoped and doped ZnO nanoparticles was very low,
indicating the good crystallinity of the nanoparticles.
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Fig. 5. Raman spectra of undoped ZnO, AZO and ATZO nanoparticles.
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Fig. 6. PL spectra of undoped and doped ZnO nanoparticles.

Photoluminescence (PL) study is also a powerful method
for investigating the effects of impurity doping on optical
properties of semiconductor nanostructures with direct
band gap, because doped nanostructures are expected to
have different optical properties compared to undoped
nanostructures [27]. Fig. 6 shows the PL spectra of the
undoped and doped ZnO nanoparticles excited by 325 nm
at room temperature. There are two main emission bands
in the spectra, one purple peak located at about 390 nm
and one broad green peak located at about 510 nm.
The purple emission peak originated from excitonic
recombination corresponding to the near-band-edge
(NBE) emission of ZnO [10,17,26]. Compared with the
undoped ZnO nanoparticles, the PL spectra of the doped
ZnO nanostructures show an obvious blue shift in the UV
emission (Fig. 6). This blue shift in the UV emission is
believed to be a result of the Burstein—-Moss effect because
of the doping [28]. For doped nanocrystals, more free
electrons contributed by Al and Sn dopants would take up
the energy levels located at the bottom of the conduction
band. When they were excited, the excitons would take up
higher-energy levels at the bottom of conduction band.
Radioactive recombination of these excitons will lead to a
blue shift of purple emission peak [29].

The green emission peak was commonly referred to the
deep-level emission (DLE), which probably relates to the
transition between complex oxygen vacancy and interstitial
zinc and valence band [25,26]. Slight increase of oxygen
vacancies (Fig. 4) was observed in this work, so the green
peaks became stronger for doped ZnO nanoparticles.
The intensity ratio of Ingg//pLE 1s regarded as an indicator
of the crystal quality and optical properties of ZnO
materials. The higher the ratio, the better the optical
property is [27]. The increased ratio suggested that the
crystal quality of doped nanoparticles were better than
undoped ZnO nanoparticles, and the ATZO nanoparticles
exhibited the highest ratio. The main reason to obtain these
results could be the ionic radii difference. Although the

doping enhanced the c-axis preferred orientation, the ionic
radii difference between AT (0.053nm) and Zn>™
(0.072 nm) was bigger than that of Sn** (0.069 nm) and
Zn** (0.072 nm). The incorporation with bigger difference
of ionic radius into lattice will bring more lattice stress and
lattice deformation. This effect influences the energy band
structure of the ZnO nanoparticles, and as a result, new
defects such as lattice distortion can be introduced by the
new band structure deformation.

4. Conclusions

The simple hydrothermal method is used for preparing
the undoped and doped ZnO nanoparticles. The doping
significantly alters the morphology and grain size of ZnO
nanoparticles. The TEM images indicated that the nano-
particles are self-aggregated to form a superstructure and
XPS studies claimed the substitution of Zn ions by Sn and
Al ions. The Raman spectrum showed that both the
undoped and doped ZnO nanoparticles presented a good
crystallinity with only a very low level of defects. What is
more, the PL results showed that the optical qualities of
ZnO nanoparticles were enhanced by doping and the
ATZO nanoparticles were better than AZO nanoparticles
under the same total doping mole ratio, which was mainly
due to the lattice deformation introduced by larger ionic
radii differences. In addition, the UV peaks of the PL
spectra were blue-shifted for the doped samples.
This indicated that doping induced the Burstein—Moss
effect and band gap widening in the ZnO nanostructures.
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