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A B S T R A C T

ZnO is an n-type semiconductor having a wide band gap which has been studied as green phosphors because of
its luminescence properties, although the centers and mechanisms responsible for its luminescence are still a
matter of controversy. Band gap engineering of ZnO can be achieved by the incorporation of Mg atoms, resulting
in the modification of the deep level emission in the visible region. In this study, nanostructured Zn1-xMgxO
samples were prepared through the polymeric precursor method and their structural and photoluminescent
properties were characterized. FE-SEM images reveal a polygonal morphology of ZnO nanoparticles and a
uniform particle size ranging from 35 to for 91 nm depending on the annealing temperature. XRD results show
that Zn1-xMgxO samples crystallized completely without the presence of secondary phases (up to 20 at. %) and
the diffraction patterns correspond to the hexagonal wurtzite structure with P63mc space. Theoretical and ex-
perimental XANES spectra at Zn K-edge along FTIR measurements suggest occurrence of O vacancies. These
vacancies are related to the green emission of photoluminescence spectra for ZnO samples, which is centered at
∼529 nm. As the Mg content increases, an enhancement of this emission is observed, which is associated with
the recombination of electrons in Mg interstitials donor states and holes at Zn vacancies.

1. Introduction

Nanocrystalline semiconductors have intermediate electronic
properties between those of molecular structure and macrocrystalline
solid, presenting a wide range of applications [1–4]. These materials
attracted attention not only by new properties and its possible potential
technological applications, but also the search for a better under-
standing of the physical and chemical processes that cause these new
properties [1]. Among these materials, zinc oxide (ZnO) is an n-type
semiconductor having a wide band gap of approximately 3.3 eV which
has been utilized as green phosphors because of its excellent lumines-
cence properties under high-energy excitations [5–7]. Wide-gap oxide
semiconductors are attractive materials as phosphors if they could ex-
hibit visible emissions arising from defect levels created in the band gap
[5]. However, defect-related emissions are usually sensitive to synthetic
conditions and suffer from reproducibility [5].

Although ZnO luminescence has been the subject of studies for
several decades, the centers and mechanisms responsible for many of its
luminescence properties are still a matter of controversy [2,3,5,7–11].
To explain the green emission, various models have been proposed,

including the involvement of several lattice defects, such as O vacancies
(VO), O interstitials (Oi), antisite O (OZn), Zn antisite (ZnO), Zn va-
cancies (VZn) and Zn interstitials (Zni) [2,3,5,7–12]. Indeed, green
emissions in different samples can have different origins despite similar
position and width, which means the origin of the defect emission
cannot be postulated simply by noting the similarities with previously
published spectra for ZnO prepared by other fabrication methods [13].
Among different experiment methods to probe the structure of ZnO
nanoparticles, X-ray absorption spectroscopy (XAS) can be a useful
technique to probe these defects. In fact, XAS technique is a powerful
tool for the investigation of local structures and provides meaningful
additional structural information on materials [14]. Although the local
structural data afforded by XAS are usually not sufficient to construct a
whole structural model, they often provide valuable information about
the local structural peculiarities [15]. These characteristics are useful to
interpret photoluminescent properties.

Novel properties in ZnO nanostructures can be reached by altering
the structural parameters through doping, which can tune the energy
band gap from ultraviolet to visible wavelengths depending on the
nature of the doping and its concentration [8,9,16]. Several elements
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have been used to dope ZnO, such as Cd, Co, Fe, Er, Mg and Mn
[16–18]. Among these elements, Mg has gained attention because of the
increase of the band gap and the modification of the deep level emission
of ZnO in the visible region, which has made possible interesting ap-
plications such as UV detector, light emitting diodes and solar cells
[6,9,12]. Moreover, an alloy of ZnO and MgO is easily expected because
the similarity between ionic radius of Mg2+ (0.57 Å) and Zn2+ (0.60 Å)
[8]. It has been reported that this kind of substitution causes an en-
hancement of the green emission, although there is no consensus about
its origin. Trunk et al. reported that the green emission peak for Zn1-
xMgxO (ZnO:Mg) films was ascribed to the free-to-bound type transi-
tions between Zni and VZn [19], whereas Li et al. assigned to the oxygen
vacancies or impurity for thin films and single-crystal microprisms
[20,21]. Hammad et al. suggested that the green emission peak for
ZnO:Mg hollow spheres was attributed to the transition between VO or
OZn and donor-acceptor pair [22]. Fang et al. reported that the green
emission peak is attributed to the oxygen vacancies or donor-acceptor
pair generated by Mg incorporation on Zn sites [12].

Currently, there are many methods available to synthesize ZnO:Mg
nanomaterial, including pulsed laser deposition, two-step method,
molecular-beam epitaxy, chemical vapor deposition, spray pyrolysis,
sputtering, electrospinning, sol-gel and hydrothermal synthesis
[5,8,10,20,23,24]. Among these methods, the sol-gel route has been
successfully used to prepare nanostructured materials because of its low
cost, lower temperatures of synthesis and stoichiometric control. The
polymeric precursor method, also referred as modified Pechini method,
is a type of sol-gel route based on the chelation of metal cations with an
α-hydroxycarboxylic acid, such as citric acid, to form stable metal
complexes; then polymerize with a polyhydroxy alcohol, such as
ethylene glycol, forming a polymeric resin which is pyrolyzed [25,26].
Several advantages are associated with this method, such as low toxi-
city, compositional homogeneity, doping at molecular level in solution
and reduced segregation of metal ions [25–29]. This method has been
shown to be an effective procedure to prepare doped or pure nano-
particles of ZnO [27–29]. However, as far as we are aware, there is a
lack of studies on the nature of lattice defects in this kind of material
prepared by the polymeric precursor method and their influence on
photoluminescence properties.

In the study presented here, nanostructured Zn1-xMgxO samples
were prepared by the polymeric precursor method. The short- and long-
range structure of these samples was characterized by X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM), XAS at
Zn K-edge, Fourier transform infrared spectroscopy (FTIR) and corre-
lated to photoluminescence (PL) properties.

2. Experimental procedure

Zn1-xMgxO samples were prepared by the polymeric precursor
method (details of this method can be found elsewhere [25,26,30])
with x=0.00 (ZnO), x= 0.10 (ZM10), x= 0.20 (ZM20), x= 0.30
(ZM30) and x=0.40 (ZM40). This method is illustrated in the scheme
of Fig. 1. Zinc nitrate hexahydrate, Zn(NO3)2.6H2O (98%, Aldrich),
magnesium nitrate, Mg(NO3)2 (98%, Vetec), ethylene glycol, C2H6O2

(99.5%, Synth) and citric acid, C6H8O7 (99.5%, Synth) were used as
raw materials in stoichiometric quantities. Zinc and magnesium citrate
were formed by the dissolution of Zn(NO3)2.6H2O and Mg(NO3)2 in a
citric acid aqueous solution under constant stirring. The citrate solution
was stirred at 70 °C to obtain a clear homogeneous solution. After the
cation homogenization in the solutions, C2H6O2 was added to promote
a polyesterification reaction. The citric acid/ethylene glycol mass ratio
was fixed at 60/40. As the preparation involves the polymeric network
formation, the samples were heated at 400 °C for 4 h in order to elim-
inate the organic precursors. After this heat treatment, ZnO samples
were annealed at 500, 600 and 700 °C for 2 h and ZnO:Mg samples were
annealed at 700 °C for 2 h. Mg-undoped samples were labeled as ZnO_x,
where x represents the annealing temperature in Celsius degrees.

The XRD measurements were performed at room temperature on a
RigakuUltima 4 powder diffractometer with geometry θ-2θ, a rotating
anode X-ray source (Cu-Kα radiation, λ=1.542 Å) and a scintillation
detector. The data were collected with a step size of 0.02° and the count
time was 5 s per step. The microstructural characterization was carried
out in a high resolution scanning electron microscope Zeiss Sigma op-
erating at 3 kV. The grain size distribution was determined for each
sample and then fitted using a log-normal distribution function. Ti K-
edge X-ray absorption spectra (9659 eV) were collected at the LNLS
(National Synchrotron Light Laboratory, Brazil) facility using the D04B-
XAS1 beamline. The LNLS storage ring was operated at 1.36 GeV and
100–160mA. The spectra were collected in transmission mode using a
Si(111) channel-cut monochromator at room temperature. The sample
thicknesses were optimized by the Multi-Platform Applications for
XAFS (MAX) software package Absorbix code [31]. Normalized XANES
(X-ray absorption near edge structure) spectra were extracted with the
MAX-Cherokee code. The theoretical XANES spectra were calculated by
the FEFF9 ab initio code [32,33] whose input files were issued from
MAX-Crystalffrev software, which takes into account substitution dis-
order and random vacancies in the structure [31]. EXAFS (extended X-
ray absorption fine structure) spectra were extracted with the MAX-
Cherokee code while the fitting procedure and comparison between
experimental and theoretical EXAFS curves were conducted with the
MAX-Roundmidnight package. The theoretical EXAFS spectra were
calculated by the FEFF9 ab initio code [32,33] whose input files were
issued from MAX-Crystalffrev software. In our work the relevant mea-
sure of the fit quality, the reduced statistical χ2 is named QF (quality
factor). FTIR measurements were performed using a spectrometer
Thermo Scientific Nicolet IS10. Photoluminescence spectra were col-
lected at room temperature with a Thermal Jarrel-Ash Mono-
specmonochromator and a Hamamatsu R446 photomultiplier. The
350.6 nm exciting wavelength of a krypton ion laser (Coherent Innova)
was used; the output of the laser was maintained at 200mW.

3. Results and discussion

In order to check the morphology of the ZnO matrix prepared by the
precursor polymeric method, FE-SEM measurements were performed.
Fig. 2 shows the FE-SEM images for ZnO powders annealed at 500
(ZnO_500), 600 (ZnO_600) and 700 °C (ZnO_700). The images in this
figure reveal an irregular morphology of ZnO nanoparticles and a
uniform particle size for each annealing temperature. The particle size
distribution was evaluated and the results obtained for the set of sam-
ples are presented in Fig. 2(d). The average particle size for ZnO_500,
ZnO_600 and ZnO_700 are 35 ± 1, 58 ± 1 and 91 ± 2 nm, respec-
tively, with a quasi-linear growth rate as a function of the annealing
temperature. This result confirms that the polymeric precursor method
can be an effective procedure for the preparation of ZnO nanostructured
samples.

Fig. 1. Scheme illustrating the polymeric precursor method.
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Fig. 3 shows the XRD patterns collected at room temperature as a
function of the annealing temperature (3(a)) and the amount of mag-
nesium (3(b)). ZnO samples crystallized completely without the pre-
sence of secondary phases even for samples only with the pyrolysis at
400 °C. As the annealing temperature increases, the full width at half
maximum of the peaks decreases, indicating a growth of crystallite size,
in good agreement with FE-SEM images. According to the literature, the

diffraction planes of ZnO samples annealed at all temperatures corre-
spond to those expected for polycrystalline wurtzite ZnO with space
group P63mc [18]. As can be seen in Fig. 3(b), XRD patterns for ZM10 e
ZM20 do not exhibit secondary phases, indicating that the Mg ions in
these samples are taking the place of Zn in the ZnO wurtzite structure.
On the other hand, secondary phase is observed for ZM30 and ZM40
samples. The spurious diffraction peaks are labeled with asterisk in

Fig. 2. FE-SEM images for (a) ZnO_500, (b) ZnO_600 and (c) ZnO_700 nanostructured samples. The (c) particle size distribution is also presented.

Fig. 3. XRD patterns of ZnO samples as a function of (a) annealing temperature and (b) Mg content.
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Fig. 3(b) and are related with the formation of MgO phase, which is an
indication that the solubility limit is less than 30 at. % of Mg.

The structure of ZnO:Mg samples was also characterized by XAS
measurements. XANES spectra give information on the coordination
symmetry and the valence of ions incorporated in a solid. The energy of
the absorption edge shifts according to the valence of the absorbing ion,
since the binding energy of bound electrons rises as the valence in-
creases. Also, the shape of the absorption edge depends on the unfilled
local density of states and the coordination symmetry of the absorbing
element. The spectrum at the Zn K-edge is characteristic of the electron
transition from the 1s state to empty 4p states.

In Fig. 4 normalized XANES spectra at Zn K-edge is shown for the
ZnO_400, ZnO_700, ZM10 and ZM20 samples. These spectra exhibit
similar K-edge white line shapes and XANES features to those pre-
viously reported for tetrahedral coordinated ZnO [17,34]. The lower-
right inset of Fig. 4 presents the evolution of the intensity of the peak
related to the white line maximum for the set of samples. As the an-
nealing temperature increases, the intensity of the white line peak in-
creases, whereas no changes in intensity in this peak are observed as the
Mg ions are incorporated to ZnO matrix. In order to comprehend this
behavior, calculated XANES spectrum for ZnO compound using ab initio
FEFF code [32,33] was obtained. This spectrum (black line) is shown in
Fig. 5 and, as can be seen, reproduces satisfactorily the experimental
spectra. The input files for FEFF code with cluster radius of 6.0 Å were
generated using CRYSTALFFREV software [31] and our XRD measure-
ments. Calculated XANES spectra were also obtained varying the oc-
cupation rates of Zn and O sites in the ZnO matrix. In Fig. 5, the spectra
labeled as Zn0.75O and ZnO0.75 represent the calculated XANES spectra
with occupation rates of 0.75 at the Zn or O site, respectively.

As can be seen in the lower-right inset, the intensity of white line
increased as the occupation rate at the Zn site decreased for the cal-
culated spectra. This increase in the calculated spectra can be related to
the fact that the K-edge XANES here reproduces the density distribution
of the unoccupied p-like states around Zn atoms. Reduction of the Zn
atomic content causes an increased localization of the Zn p-like states
and, in consequence, sharper resonances [35]. On the other hand, the
decrease in the occupation rate at the O site in the XANES calculations
resulted in a white line peak with lower intensity, in agreement with
the observed behavior for our set of samples. Thus, the calculated
XANES spectra indicate that the decreases in the intensity of the white
line peak for the nanostructured ZnO samples with the increase of an-
nealing temperature (upper-left inset in Fig. 5) can be associated with
the decrease of the occupation rate at the O site. In other words, the
changes in the region of the white line can be attributed to the

formation of oxygen vacancy sites as a result of the annealing. Even
more, these results also suggest that the oxygen vacancies are formed
close to the Zn ions.

The short-range structural data provided by extended X-ray ab-
sorption fine structure (EXAFS) offers an element-specific insight,
giving quantitative information about the number, position and identity
of atoms surrounding the absorbing element as well as structural dis-
order within the coordination spheres. In order to obtain quantitative
information of the local structure around Zn atoms, Fourier transform
curves were then back Fourier transformed between 1.0 and 5.0 Å to
obtain the experimental EXAFS spectra to fit using a theoretical model
calculated from FEFF9 code and crystallographic information according
to the XRD measurements.

The fitted kχ(k) and k3 weighted Fourier transforms of the nanos-
tructured ZM samples are shown in Fig. 6(a) and (b), respectively. In all
fits, we considered single scattering paths corresponding to the first
(four O atoms), second (6 Zn atoms), third (6 Zn atoms) and fourth (10
O atoms) shells around Zn absorber atom according to the hexagonal
wurtzite structure with P63mc space group. The number of free para-
meters was kept smaller than the number of independent points, which
is defined as Nind= 2ΔRΔk/π, where ΔR is the width of the R-space
filter windows and Δk is the actual interval of the fit in the k-space [36].
The reliability of the fit, determined by a quality factor (QF) [36], co-
ordination number (N), interatomic distances (R) and Debye-Waller
factor (σ2) relative to the fits are shown in Table 1.

According to the structural model, the first intense peak, between
1.0 and 2.0 Å in the Fourier transforms corresponds to single scattering
interaction between the first O atoms around the absorber atom. The
single scattering interactions relative to ZneZn and ZneO (beyond the
first O neighbors) paths correspond to the peaks and shoulders observed
between 2.0 and 3.5 Å. This region also includes multiple scattering
paths such as ZneOeO, ZneOeZneO, ZneOeOeO and ZneZneO in-
teractions. As can be viewed in Table 1, the obtained QF factors indicate
the reliability of the fits, which is confirmed by the comparison of the
fitted (lines) and experimental (symbols) data at Fig. 6(a) and (b). No
changes within the uncertainty are observed in the distance between
each shell and Zn absorber atom. In the same way, Debye-Waller factor
values do not exhibit alterations within the uncertainty.

In order to comprehend the formation of oxygen vacancies pointed
out by XAS measurements, FTIR measurements were performed in the
wavenumber range between 4000 and 500 cm−1 for ZnO samples as a
function of annealing temperature. These FTIR spectra are shown in
Fig. 7 in which nine features can be identified. In this Fig., feature

Fig. 4. Normalized experimental XANES spectra of ZnO:Mg samples. The
lower-right inset shows details of white line of these spectra.

Fig. 5. Calculated XANES spectra for ZnO, Zn0.75O and ZnO0.75 compositions.
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labeled as (1) corresponds to stretching mode of ZneO [27,37,38],
feature labeled as (2) corresponds to scissoring mode of COO− group
[39], features labeled as (3) and (4) correspond to CeOH [27], features
labeled as (5) and (8) correspond to stretching vibration of CeH
[27,40], feature labeled as (6) corresponds to asymmetric and sym-
metric C=O stretching modes [37,38], feature labeled as (7) corre-
sponds to C=C vibrations [40] and feature labeled as (9) corresponds
to OH-group stretching vibrations [27,37,38,40]. As can be seen in
Fig. 7, all these bands are clearly observed up to the annealing tem-
perature of 500 °C. From 600 °C, only feature (1) does not show changes
whereas the other bands are suppressed, indicating that the residual
polymeric resin is eliminated from this annealing temperature.

In the preparation of ZnO through the polymeric precursor method,
citric acid was used to coordinate Zn2+, forming eZneOOCeC(OH)
eCOOH complexes. The COOH groups in these complexes also react
with ethylene glycol (cross-linking agents that contain a large amount
of eCH2 and eOH groups), finally forming polymer resin networks such
as eZneOOCeCeCOOC-(CH2)n-COOeZne [41]. In the subsequent
pyrolysis process, most organic species decompose into H2O and CO2

which are eliminated from the system, but a small amount of them can
decompose to create interstitial carbon defects or substitutional carbon
defects for the Zn atom. These organic species are linked to the
ZneOeZn networks, such as ZneOeCeC-R, eZneOeCeOeZne, etc.
The bond energies of ZneO, CeO and CeC are approximately 159,
1077 and 610 kJ/mol, respectively [42]. Thus, it is noted that the ZneO
bond energy is lower than that of the CeO and CeC bonds and the bond
energies lead to a significant dependence on the order of bond cleavage
on chemical and thermal environment [41]. Therefore, with subsequent
heat treatment, the initial cleavage occurs at the ZneO bonds, which
modifies the intermolecular chemical environment and removes a
portion of the oxygen from the network along with the carbon. The
disruption of the above bond occurs at a temperature where the healing
of the fragmented bonds and the normalization of the coordination
state are thermodynamically forbidden [41]. Thus, the increase in the
annealing temperature would cause an increase in the number of
oxygen vacancies, explaining the results of XAS analysis.

Fig. 8(a) presents the photoluminescence (PL) spectra for ZnO
samples measured at room temperature. As can be seen in this Fig., the
spectra are highly asymmetrical, broadened and centered at green re-
gion, with multiple peaks indicating the involvement of different lu-
minescence centers in the radiative processes. It is also evident from
this Fig. that the intensity of PL spectra mainly in the green region
(500–550 nm) increases as the annealing temperature increases. As
shown by the FE-SEM characterization, the ZnO samples show an in-
crease in particle size as a function of the annealing temperature. The

Fig. 6. Fitted and experimental (a) k3−weighted Fourier transforms and (b) kχ(k) spectra for ZnO:Mg samples.

Table 1
Zn K-edge EXAFS simulation results. R is the distance from the absorber atom, N
is the average coordination number, σ2 the Debye-Waller factor and QF the
quality factor.

Sample Shell R (A) N σ2 (Å2) QF

ZnO_400 Zn-OI 1.96(1) 4.7(6) 0.0052(13) 8.68
ZneZnI 3.3(1) 6.2(1.5)
ZneZnII 3.2(1) 6.1(1.4) 0.0081(4)
ZneOII 3.7(4) 6.9(2.9)

ZnO_700 Zn-OI 1.96(1) 4.8(6) 0.0058(15) 6.72
ZneZnI 3.27(2) 6.2(1.2) 0.008(1)
ZneZnII 3.21(2) 6.0(1.0)
ZneOII 3.72(3) 7.5(3.2)

ZM10 Zn-OI 1.95(2) 4.7(1) 0.0058(31) 6.77
ZneZnI 3.27(2) 6.2(1.1) 0.0080(7)
ZneZnII 3.2(1) 5.8(9)
ZneOII 3.7(1) 5.1(2.9)

ZM20 Zn-OI 1.96(1) 4.7(7) 0.0058(37) 5.63
ZneZnI 3.3(1) 6.2(1.1) 0.0081(7)
ZneZnII 3.2(1) 5.7(1.0)
ZneOII 3.71(6) 3.3(2.8)

Fig. 7. FTIR spectra for ZnO samples as a function of annealing temperature.
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relationship between the increase in PL intensity and particle size has
been observed in the literature and attributed to an increase in the
electron-phonon coupling due to the Fröhlich interaction [43–45].
However, it does not seem to be our case since the PL intensity increases
substantially with annealing temperature of 600 °C and does not follow
the quasi-linear growth rate of particle size as observed in FE-SEM
measurements.

To investigate the several noticeable emissions in Fig. 8(a), the PL
spectra of ZnO samples were deconvoluted, whose fitted curves are
shown in Fig. 8(b) as a function of the energy. All PL spectra were
appropriately fitted taking into account six peaks and no substantial red
or blue shifts are observed with annealing temperature. The peak la-
beled as (1) in near-infrared region (1.56–1.59 eV) presents a depen-
dence of the intensity with the annealing temperature. Near-infrared
emission in ZnO has been explained by the donor-acceptor transition
between VO and VZn and/or the radiative recombination of shallowly
trapped electrons with deeply trapped holes at Oi [46]. Because of the
intensity dependence with annealing temperature and the appearance
of VO indicated by XAS and FTIR measurements, we believe that the
first hypothesis is more reasonable.

The peaks labeled as (2) and (3) in red-orange and green regions
(2.07–2.12 eV and 2.37–2.39 eV, respectively) show a strong depen-
dence of intensity with the annealing temperature, mainly the peak (3).
It has been reported that the enhancement of this green emission cor-
responds to the local level composed by oxide antisite defect rather
than VO, VZn, Zni or Oi [11]. Nonetheless, oxygen antisites have higher
formation energies and, therefore, are not expected to play a role in
ZnO under near-equilibrium conditions [6]. According to Trunk et al.
[19], the red-orange emission can be understood assuming that the
radiative transitions involve electrons trapped at a VO donor level at
2 eV above the valence band. This assumption is consistent, but the
green emission seems also to be originated in defects caused by VO since
the intensity dependence of this emission with annealing temperature
as well as the appearance of VO indicated by our results. According to
Kayaci et al. [47], VO

++, VO
+ and VO are donor type defects and the

VO
+ state can capture an electron from conduction band and forms a

neutral state (VO), from which a transition to valence band occurs by
the emission of green light. Furthermore, VO

+ can capture a hole from
valence band and forms a VO

++ state into which an electron re-
combines from conduction band and emits at a higher wavelength.
Thus, peaks labeled as (2) and (3) are related to defects originated by
VO

++ and VO states, respectively.
Blue emissions in PL spectra of ZnO has been associated with zinc

lattice defects in which their origin are due to two probable transitions

related to VZn deep level and Zni shallow level, i.e. an electron from
conduction band recombines with the hole at VZn or an electron is
captured by Zni then recombines with the hole in the valence band
[19,47,48]. Thus, considering the ascribed origin of the above men-
tioned near-infrared and green emissions and an energy band gap of
∼3.3 eV [6,11,19,47,48], it is consistent to deduce that the peak la-
beled as (4) (2.61–2.66 eV) is related to the transition of an electron
from conduction band to a deep level hole at VZn. Concerning the peak
labeled as (5) (2.81–2.82eV), this emission can be attributed to the
recombination of an electron at Zni with a hole in the valence band
since this energy is in agreement with previous calculation of this en-
ergy level for ZnO matrix [11,48]. Finally, the peak labeled as (6) in UV
region (3.01–3.08 eV) has been ascribed to near band-edge emission, in
which an electron from the free exciton level recombines with a hole in
the valence band [6,11,19,47,48].

Fig. 9 presents the PL spectrum measured at room temperature for
ZnO:Mg samples. In this Fig., the PL spectrum of ZnO_700 is also shown
and the upper-right inset exhibits the deconvoluted PL spectrum as a
function of the energy for ZM20 sample. This spectrum exhibits similar

Fig. 8. (a) PL spectra measured at room temperature for ZnO samples as a function of annealing temperature and (b) deconvoluted PL spectra for ZnO samples as a
function of energy.

Fig. 9. PL spectra measured at room temperature for ZnO:Mg samples. The
upper-right inset shows deconvoluted PL spectra for ZM20 sample as a function
of energy.
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features compared to that one reported by Li et al. [2], although reports
from different groups have shown PL spectra of Mg-doped ZnO centered
at lower wavelengths [3,5,8–10]. As can be seen in Fig. 9, the PL
spectrum is centered in green region and the intensity increases re-
markably as Mg atoms are incorporated to ZnO matrix. Because of this
increase in green region, the deconvolution was performed considering
an additional peak in relation to the six ones in PL spectra of ZnO
samples. The peak labeled as (6), which is attributed to the excitonic
recombination corresponding to the near band-edge emission of ZnO
band-gap [2,9], shifts to higher energies with Mg content. It is known
that Mg-doped ZnO materials exhibit blue-shifted emissions arising
from recombination of excitons under influence of the band-gap
broadening [5,19].

Concerning the peak labeled as (7), Mallika et al. assigned this
emission to a shallow donor, and the nature of the shallow donor might
be the complex defect of Zni [3]. This statement is supported in their
work by the fact that this emission does not change with Mg con-
centration. However, this is not the case in our samples. Additionally,
according to Qiu et al. [49], there are two primary forms of Mg occu-
pations: lattice substitution and interstitial occupations. From the phase
diagram of ZnOeMgO binary systems, the thermodynamic solubility
limit of Mg ions in the ZnO lattice would be about 4% [49], although
our XRD measurements and several papers indicate a considerably
higher value [3,12,19,50–52]. When the Mg content is less than solu-
bility limit, the majority of Mg ions are likely substituted in the Zn sites
of ZnO, while when more Mg ions were dissolved in the ZnO lattice, an
excess of Mg ions might enter into the interstitial sites (Mgi). Therefore,
the interstitial doping model along with the substitution model of the
lattice site should be taken into account for the generation of the green
emission for ZnO:Mg samples. According to Trunk et al. [19], this
emission is interpreted in terms of a competing supply of electrons from
slightly deeper Mgi donor states, which recombines with holes at VZn.
Moreover, the peak labeled as (3) and associated with a transition from
VO to valence band does not exhibits changes with Mg incorporation,
which would be expected since this substitution is homovalent and
consequently there is no formation of VO. Furthermore, Boonchun et al.
has calculated the band gap position of the VO states in ZnO:Mg for Mg
concentrations up to 20% and concluded that Mg incorporation might
have very little effect on the VO level [19,53]. A schematic diagram of
the various emissions corresponding to PL spectrum for ZM20 sample is
shown in Fig. 10.

4. Conclusions

In this study, nanostructured Zn1-xMgxO samples were prepared
through the polymeric precursor method and their structural and
photoluminescent properties were characterized. FE-SEM images reveal
a polygonal morphology of ZnO nanoparticles and a uniform particle
size ranging from 35 to for 92 nm depending on the annealing tem-
perature. XRD results show that Zn1-xMgxO samples crystallized

completely without the presence of secondary phases (up to 20 at. %)
and the diffraction patterns correspond to the hexagonal wurtzite
structure with P63mc space. Theoretical and experimental XANES
spectra at Zn K-edge along FTIR measurements suggest occurrence of O
vacancies. These vacancies are related to the green emission of photo-
luminescence spectra for ZnO samples, which is centered at ∼529 nm.
As the Mg content increases, an enhancement of this emission is ob-
served, which is associated with the recombination of electrons in Mg
interstitials donor states and holes at Zn vacancies.
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