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Abstract

Gallium-doped zinc oxide (ZnO:Ga 1, 2, 3, 4 and 5 at%) samples were prepared in powder form by modifying the Pechini method. The
formation of zinc gallate (ZnGa,O,4) with the spinel crystal structure was observed even in ZnO:Ga 1at% by X-ray diffraction. The
presence of ZnGa,0O4 in ZnO:Ga samples was also evidenced by luminescence spectroscopy through its blue emission at 430 nm, assigned
to charge transfer between Ga>* at regular octahedral symmetry and its surrounding O®~ ions. The amount of ZnGa,O, increases as the
dopant concentration increases, as observed by the quantitative phase analysis by the Rietveld method.
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1. Introduction

ZnO is a nonstoichiometric oxide with the hexagonal
wurtzite structure and a wide band gap (~3.3eV). Along
with remarkable optical properties, such as high refractive
index, ZnO is also a green emitter. Even though the
mechanism of this emission is still unclear, some light has
been shed in this respect recently [1,2]. Endowed with many
applications, ZnO has attracted much attention in dye-
sensitized solar cells either as a porous nanostructured
electrode [3] or even more recently as a nanowire anode [4].
It can also be used as a transparent conductor oxide (TCO)
[5] in several optoelectronic devices. For application as
TCO, the electrical conductivity of ZnO should be
improved, which may be achieved by replacing Zn>* ions
by other ions with higher valence (acting as efficient
shallow donors) such as In**, A" and Ga*" [5-7]. In
gallium-doped zinc oxide (ZnO:Ga), Ga®* is expected to
cause a small lattice distortion due to the Zn and Ga
similar tetrahedral radii, acting as an efficient shallow
donor in ZnO. Unfortunately, gallium doping might give
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rise to spinel structures (M""Ga,0,) when the matrix to be
doped is ZnO, especially when heavily doped samples are
taken into account. Solubility limits are reported to be
close to 3at% of Ga in ZnO [8,9]. The formation of
ZnGa,0y is likely to take place in ZnO:Ga, changing the
microscopic structural and electronic environment of Ga* "
in the ZnO matrix. ZnGa,O4 has the normal cubic spinel
crystal structure in which Zn?" ions occupy tetrahedral
sites and Ga® " ions the octahedral ones. This compound
might have interesting effects on the electrical and optical
properties of ZnO:Ga since it has insulator properties, that
is, a band gap of about 5eV [10]. The formation of zinc
gallate may be observed by carefully examining the X-ray
diffraction (XRD) patterns of ZnO:Ga powders. Some of
the most intense reflections of ZnGa,0,4 might be observed,
especially when dealing with heavily doped samples. The
formation of ZnGa,O,4 has been observed even in thin-film
XRD patterns [11]. The amount of zinc gallate in ZnO:Ga
may be determined by using quantitative phase analysis by
the Rietveld method (RM) [12]. In this method some
parameters, such as scale factor, preferred orientation,
crystallite size, and microstrain are refined for the model
structure until the best fit is obtained between the observed
powder XRD pattern and the calculated one. In this work,
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we report on the synthesis of ZnO and ZnO:Ga 1, 2, 3, 4
and 5at% by the modified Pechini method [13] along with
the quantitative phase analysis by the RM.

2. Experimental section

Zinc acetate dihydrate (ACS-QEEL, reagent grade) was
dissolved in deionized water under stirring and heating at
60°C. Citric acid (VETEC, reagent grade) and mono-
ethylene glycol (CHEMCO, reagent grade) were used as
the monomers to form the resin. Doping was achieved by
adding to the solution an appropriate amount of gallium
nitrate (Aldrich, 99.9%) in the ratios Ga:Zn =1, 2, 3, 4
and 5at%. To achieve a homogeneous system, the Pechini
method [14] was adapted by using ethylenediaminetetraa-
cetic acid (EDTA) to the synthesis [13]. The Pechini
solution obeys the molar ratio 1:3:16 of zinc citrate: citric
acid: monoethylene glycol. The amount of EDTA was
calculated for total metal complexation. The pH of the
resulting solution was adjusted around 5.0 by adding
ammonium hydroxide. By heating the mixture at about
100°C a clear solution was achieved with a significant
increase in its viscosity. The resin gave rise to fine powders
after the heat treatment in air at 900 °C for 4 h. Thermo-
gravimetric (TGA) and differential thermal analysis (DTA)
of ZnO and ZnO:Ga 5at% were carried out using a SDT
2960 simultancous TG-DSC in the temperature range
30-1400 °C at a heating rate of 20 °C/min under an air flux.
The powder samples were characterized by X-ray diffrac-
tometry, XRD, using a Rigaku RINT 2000 (copper target,
A =1.5406 A) at a scanning rate of 0.02°/03s and photo-
Iuminescence (PL) spectroscopy, (Fluorolog SPEX F212
fluorescence spectrometer equipped with an R928 Hama-
matsu photomultiplier). A 450 W Xe lamp was used as the
excitation source in PL measurements. Emission spectra of
ZnO and ZnO:Ga samples were obtained at room
temperature with excitation at 370 nm. The quantitative
phase analysis was achieved by using the RM and the
Rietveld refinement program GSAS [15]. The ZnGa,O4
sample was prepared by the solid-state route [16] from ZnO
(Baker and Adanson, reagent grade) and Ga,O; (Aldrich,
99.999%). The emission spectrum of the zinc gallate
sample synthesized from the solid-state route was per-
formed at room temperature under 250 nm excitation.

3. Results and discussion

The DTA and TGA curves of pure ZnO and ZnO:Ga
5% are shown in Fig. 1.

The same behavior was observed for ZnO:Ga 1, 2, 3 and
4 at%. The TGA curves indicate a strong weight loss up to
600 °C due to the decomposition of the resin. Thus, pure
and doped samples prepared by the modified Pechini
method have to be heat-treated at temperatures higher than
600 °C in order to avoid the presence of organic residues.
The absence of organic matter in ZnO and ZnO:Ga
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Fig. 1. Differential thermal analysis and thermogravimetric curves of ZnO
and ZnO:Ga 5at%.
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Fig. 2. Powder XRD patterns (CuKa radiation) of pure and gallium-
doped zinc oxide prepared by the modified Pechini method: (a) ZnO, (b)
Zn0O:Ga 1 at%, (c) ZnO:Ga 2at%, (d) ZnO:Ga 3 at%, (¢) ZnO:Ga 4at%
and (f) ZnO:Ga 5at%. Some observed reflections associated to ZnGa,04
are marked with arrows.

powders heat treated at 900 °C for 4h was confirmed by
infrared (FT-IR) spectroscopy.

The powder XRD patterns of pure and gallium-doped
zinc oxide are shown in Fig. 2. All samples (ZnO and
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Zn0:Ga) have the zincite structure (JCPDS 14-3651). It is
observed that all gallium-doped zinc oxide samples present
also the cubic spinel crystal structure of ZnGa,04 (JCPDS
38-1240). This may be observed by carefully examining the
powder XRD patterns of ZnO:Ga with Ga:Zn ratios
higher than 2 at%. The most intense peaks of zinc gallate
(related to the 311, 511 and 440 reflections) are clearly
observed in the powder XRD patterns of ZnO:Ga 3-5at%,
and they were used in the refinements by the RM to
determine the amount of ZnGa,O4 in ZnO:Ga samples.
Some expected reflections related to zinc gallate are:
~30.3° (220), ~35.7° (311), ~37.3° (222), ~43.4° (400),
~53.8° (422), ~ 57.4° (511) and ~63.0° (440) as indicated
with arrows in Fig. 2.

One of the most intense peaks (the 3 1 1 reflection) of zinc
gallate with the spinel cubic crystal structure may be
observed in Fig. 3.

Besides the substitutional sites with tetrahedral symme-
try in which gallium ions substitute for zinc ions, in this
work the formation of ZnGa,O, indicates that an
additional kind of gallium sites is available in gallium-
doped zinc oxide samples: the non-substitutional sites with
octahedral symmetry which come from the spinel crystal
structure of ZnGa,0O4. The presence of two classes of
gallium sites was revealed by means of NMR spin-echo
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Fig. 3. Zoomed powder X-ray diffraction patterns of pure and gallium-
doped zinc oxide samples.

Table 1

Refined structural parameters of pure and gallium-doped zinc oxide samples
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shape measurements in all samples investigated containing
2 at% Ga [8]. The first class of gallium sites was assigned to
substitutional gallium (a narrow NMR line) since they
exhibited shift and relaxation properties dominated by the
local hyperfine fields of conduction electrons [8]. The
second class of gallium sites presented a broad NMR line
(that is, a substantial quadrupolar broadening due to
lattice distortion) and a low relaxation rate, indicating a
distorted gallium site with essentially no coupling to the
conduction electrons [8]. In this work we suggest that this
second class of gallium sites might be due to the presence of
some ZnGa,0O4 in ZnO:Ga samples. These non-substitu-
tional sites in which gallium ions occupy octahedral
symmetry have no coupling to conduction electrons
essentially in view of the wide band gap of zinc gallate
(=5.0eV). The octahedral symmetry of gallium ions
depends on the atmosphere in which ZnGa,O,4 was heat-
treated. In a reducing atmosphere there is the formation of
oxygen vacancies (V) at tetrahedral or octahedral sites
[17]. These V' defects of the Oy site distort the octahedral
symmetry [18]. The resulting non-substitutional gallium
site will then be distorted depending on the atmosphere in
which zinc gallate was formed.

The refined structural parameters from powder X-ray
Rietveld analysis are shown in Table 1.

The S indexes (goodness of fit) of all the refinements
were lower than 1.5, showing good convergence. From the
quantitative phase analysis by the RM it is observed that
the amount of ZnGa,0, increases as the dopant concen-
tration increases. The behavior of the a and ¢ unit-cell
parameters of the hexagonal zincite structure under
increasing dopant level is difficult to establish due to the
formation of ZnGa,O,.

The excitation spectra of ZnO and ZnO:Ga samples
show a band around 370 nm related to electron transition
from valence to conduction band. The excitation spectrum
at room temperature of ZnO:Ga 4 at% is shown in Fig. 4.

The emission spectra of pure and gallium-doped zinc
oxide are shown in Fig. 5.

The visible emission of ZnO has recently been assigned
to a transition of a photogenerated eclectron from the
conduction band edge (or from a shallow level close to it)
to a trap level [2]. The emission spectra show a broad band
around 530 nm for ZnO and 550 nm for gallium-doped zinc

% of gallium Cell parameters (A) Ryp Rprage % of zincite (in weight) % of ZnGa,0y, (in weight)
a ¢

0 3.24947 (2) 5.20495 (6) 9.71 5.26 100 0

1 3.25147 (2) 5.20417 (5) 9.83 4.11 99.030 (3) 0.0970 (4)

2 3.25123 (2) 5.20417 (5) 10.76 4.30 99.327 (2) 0.67 (3)

3 3.25127 (2) 5.20437 (5) 8.78 4.82 96.878 (7) 3.12 (5)

4 3.25074 (2) 5.20405 (5) 8.96 6.39 96.696 (8) 3.30 (4)

5 3.251047 (2) 5.20498 (5) 9.61 6.76 92.68 (3) 7.02 (7)
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Fig. 4. Excitation spectrum (Lem = 550 nm) of ZnO:Ga 4 at% obtained at
room temperature.
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Fig. 5. Emission spectra (Zexe = 370 nm) of ZnO and ZnO:Ga obtained at
room temperature.

oxide. The observed redshift in the emission spectra of
gallium-doped zinc oxide samples is expected since Ga® "
acts as a shallow donor impurity in ZnO. A new band is
formed close to the conduction band edge of ZnO in
Zn0:Ga, which decreases the energetic difference between
the shallow levels near the conduction band and the levels
associated with oxygen vacancies, the possible recombina-
tion centers for the visible emission of ZnO [1,2]. The band
broadening around 430nm is problably related to an
emission in the blue region (=2.9eV), which is the
characteristic emission color of zinc gallate [17]. Zinc
gallate was then synthesized by the solid-state route in
order to investigate its luminescence properties. The
powder XRD pattern of ZnGa,0Oy, is shown in Fig. 6.
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Fig. 6. Powder XRD pattern (CuKa radiation) of zinc gallate prepared by
the solid-state route.
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Fig. 7. Emission spectra of ZnO:Ga 2at% and ZnGa,0O, obtained at
room temperature.

From the powder XRD pattern in Fig. 6 only zinc gallate
with the spinel structure is observed.

The emission spectra of ZnO:Ga 2 at% (under excitation
at 370nm) and zinc gallate prepared by the solid-state
route (under excitation at 250 nm) are shown in Fig. 7 for
comparison.

The broadening around 430 nm in the emission spectrum
of ZnO:Ga 2at% is problably related to the emission of
zinc gallate due to charge transfer between Ga®* ions at
regular octahedral symmetry and its O>~ ligands [19]. It is
interesting to note that the ZnGa,O4 formed in ZnO:Ga
2at% shows a low-intensity blue emission under 370 nm
excitation instead of wusually ~250nm [17,18]. Since
ZnO:Ga 2at% was heat-treated in a slightly reducing
atmosphere due to the burning of organic matter, the zinc
gallate formed might have some of the octahedral sites
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distorted by the presence of V7 defects. This distortion
gives rise to two emission bands for zinc gallate: the 360 nm
emission (originating from Ga—O transition) and the
680 nm emission (usually assigned to the transition from
the V7 state to the 0> state) [17]. The excitation at 370 nm
for ZnGa,0, present in ZnO:Ga 2 at% might involve states
liable for the ultraviolet emission which after radiative
decay turns into blue emission. This blue emission under
370 nm excitation of ZnGa,04 present in ZnO:Ga 2 at% is
related to a distorted gallium site into the spinel structure,
the second class of gallium sites in ZnO:Ga discussed
previously.

The formation of ZnGa,O,, observed in the XRD
patterns of ZnO:Ga powders and quantified by quantita-
tive phase analysis by using the RM, was also optically
detected by PL spectroscopy. It is important to note that
even though Zn?>" ions still occupy tetrahedral sites in the
normal spinel cubic structure of ZnGa,O, Ga’® ions
occupy octahedral sites instead of tetrahedral sites when
doping the zincite structure of ZnO. This structural change,
along with the wider band gap of ZnGa,0,4, might help
explain the electrical and optical properties of heavily
doped samples of ZnO:Ga. Besides, some light is shed into
the microscopic structure and electronic surroundings of
metal impurities in ZnO.

4. Conclusions

The Pechini method was adapted by using EDTA in
order to obtain gallium-doped zinc oxide in the homo-
geneous system. It was observed that all gallium-doped
zinc oxide samples present the hexagonal wurtzite structure
and also the spinel crystal structure of zinc gallate. The
amount of zinc gallate present in ZnO:Ga increases under
increasing dopant concentration. The formation of
ZnGa,04 in ZnO:Ga powders, observed by powder
XRD, was also evidenced by PL spectroscopy. The
presence of zinc gallate in gallium-doped zinc oxide
samples has structural and optical effects on the optoelec-
tronic properties of ZnO:Ga since it gives rise to non-
substitutional gallium sites.
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