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Abstract. Well-dispersed undoped and Mg-doped ZnO nanoparticles with different doping concentrations at various annealing temperatures are synthesized using basic chemical solution method
without any capping agent. To understand the effect of Mg doping and heat treatment on the
structure and optical response of the prepared nanoparticles, the samples are characterized using
X-ray diffraction (XRD), energy-dispersive X-ray (EDX), UV–Vis optical absorption, photoluminescence (PL), scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
measurements. The UV–Vis absorbance and PL emission show a blue shift with increasing Mg
doping concentration with respect to bulk value. UV–Vis spectroscopy is also used to calculate
the band-gap energy of nanoparticles. X-ray diffraction results clearly show that the Mg-doped
nanoparticles have hexagonal phase similar to ZnO nanoparticles. TEM image as well as XRD
study confirm the estimated average size of the samples to be between 6 and 12 nm. Furthermore, it
is seen that there was an increase in the grain size of the particles when the annealing temperature is
increased.
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1. Introduction
Semiconductor nanoparticles show unique, size-dependent optical properties due to the
quantum confinement effect. The ZnO and its compositions are found to be useful in
optoelectronic applications and many other applications such as gas sensors, chemical
sensors, solar cells, biomedical devices and photocatalysts due to their wide band-gap
potential (3.3 eV) [1,2]. Various methods such as the sol–gel [3], precipitation [4,5],
microwave [6] spray pyrolysis [7] and thermal evaporation [8] methods were reported for
preparing nanosize ZnO. In most of these methods, various capping agents are used to
prevent the growth of particles with time.
One of the major challenges in optimizing the optical properties of ZnO is the incorporation of doping ions into the ZnO lattice. Doping with selective elements offers an
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effective method to enhance and control the structural, electrical and optical properties of
ZnO nanoparticles. ZnO doped with proper elements, such as Al, Mn, Cd, Mg, Ni and Cr,
has been studied [9,10]. By doping with a wider band-gap material [11], the band gap of
ZnO particles can be tuned for manufacturing light-emitting devices operating in a wider
wavelength region. The doping of ZnO with a metal (Al, Cu, Fe, Ni, Co) can change its
properties. ZnO is an ideal material for UV emission; but the intensity of UV emission is
weak. However, doping with Group II elements (Cd, Mg) may modulate the value of the
band gap and increase the intensity of UV emission [12].
Mg-doped ZnO nanostructures are very interesting owing to their unique optical and
electrical properties and more work is in progress to control the physical properties of
doped ZnO particles systematically. Therefore, a suitable method for preparing doped
ZnO with less operating cost, less synthesis time, narrow size range and better properties
is a challenge for scientists.
Hence, in this work, we present a simple and low-cost chemical method for synthesizing monodisperse Mg-doped ZnO nanoparticles with semispherical shape, without using
a surfactant. Also, we investigate the effect of magnesium doping and annealing on the
structural and optical properties of ZnO nanoparticles.
2. Experimental details
2.1 Materials and synthesis procedure
ZnO:Mg nanoparticles were prepared by chemical method as follows: 0.002 M zinc
acetate (Zn(CH3 COO)2 ·2H2 O, 99%, Merck) and 0.005 M sodium hydroxide were dissolved in 10 ml ethanol. The solution was refluxed for 90 min at 80◦ C keeping the
temperature and speed of the magnetic stirrer constant. The NaOH should be added slowly
and dropwise with continuous stirring to zinc acetate solution to control the pH and rate
of reaction due to the common ion effect. Magnesium acetate (Mg(CH3 OO)2 ·4H2 O,
99%, Merck) dissolved in ethanol was added to the above solution to produce Mg-doped
samples with 0–10% atomic percentage. For increasing the precipitation speed and controlling the agglomeration, the solution was put in ice bath. In order to remove Na+ ions
and CH3 O− ions, nanoparticles of heptane were added to the solution. Then, the prepared
nanoparticles were rapidly washed with distilled water and acetone to remove the ions
and insoluble materials remaining in the product. Finally, the washed particles were dried
at 100◦ C for 24 h.
2.2 Characterization methods
X-ray diffraction (XRD) was done with a Philips PW3710 diffractometer using Cu K α
radiation source with 1.5418 Å wavelength. The photoluminescence (PL) measurements
were performed using an Avantes 2048-TEC PL spectrometer and samples were excited
by employing 325 nm wavelength from Xe-lamp source. The images of nanoparticles
were observed using Philips CM10 transmission electron microscope (TEM) and energydispersive X-ray (EDX) spectroscopy was done using a Philips X130 spectrometer. EDX
samples were prepared by suspending the nanoparticles in ethanol and dispersing them
on copper grids.
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Pramana – J. Phys., Vol. 81, No. 2, August 2013

Physical properties of ZnO:Mg nanoparticles

Figure 1. X-ray diffraction pattern of ZnO nanoparticles doped with different Mg
concentrations. The XRD peaks can be indexed to hexagonal phase structure.
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3. Results and discussion
Figure 1 presents XRD spectra of ZnO nanoparticles doped with various Mg doping concentrations. There are seven broad peaks corresponding to (1 0 0), (2 0 0), (1 0 1), (1 0 2),
(1 1 0), (1 0 3) and (1 1 2) which have been indexed to the standard pattern of hexagonal
ZnO. No second phase is within the limit of the XRD measurement and apparently there is
no peak for MgO. There is a weak peak at about 28◦ which can be due to Zn(CH3 COO)2
and with increasing doping concentration it disappears. Therefore, the XRD pattern indicating Mg ions are substituted for Zn ions because both have very similar ionic radii (0.57
and 0.60 Å), and there are no variation in the structure of the ZnO nanoparticles.
The average size of the crystallite (L) was calculated from the full-width at halfmaximum (FWHM) of the (1 0 1) peak using the Debye–Scherrer formula [13] (ignoring
the effect of strain):
βTotal =

kλ
,
L cos θ

(1)

where θ is the Bragg angle, λ is the radiation wavelength and k is a constant which
depends on the peak shapes, crystallite habit and particle shape. The average diameter
of particles was calculated by Williamson–Hall method [14]. In this method, there are
two sources for the broadening of diffraction peaks: crystallite sizes and inhomogeneous
strain (due to homogeneous strain peaks shifted). By using eqs (1) and (3)
βTotal = βLattice + βStrain = cε tan θ +

cos θβTotal = cε sin θ +

kλ
L cos θ

kλ
L

(2)

(3)

and drawing cos θβTotal –sin θ plot which has a straight line form (y = ax + b), strain and
crystallite size can be calculated by obtaining the slope and y-intercept of the depicted
line, respectively.
The estimated particle sizes of samples with different Mg concentrations are given in
table 1. The particle size is gradually decreased with increasing Mg doping. As the Mg

Table 1. The average crystallite size of Mg-doped ZnO sample
calculated from XRD.
Mg doping concentration (%)
0.0 (undoped)
1
4
7
10
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Average crystallite size (nm)
13.0
11.0
9.4
7.6
6.3
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(a)

(b)

(c)

Figure 2. EDX spectra of ZnO nanoparticles doped with (a) 4%, (b) 7% and (c) 10%
Mg concentrations. Samples were annealed at 200◦ C.
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concentration increases, the optical band gap also increases because of the replacement of
Mg with Zn in the crystal lattice (MgO has a higher band gap (7.8 eV) than that of ZnO
(3.4 eV)). Also, the XRD patterns of Mg-doped ZnO samples show a slight shifting of the
centre of diffraction peaks toward higher angle compared to pure ZnO [15].
The shifts of the peak indicate a compaction of the unit cell, possibly, because the Mg
ions prefer to occupy the interstitial sites. Such a change is expected, because the Mg
ion has smaller ionic radius compared to Zn ion [16]. The pure phase of the XRD and
the slight shift of the peak position imply that the Mg atoms effectively occupy the ZnO
lattices.
The Mg incorporation and percentage of Mg in doped ZnO samples were analysed by
energy-dispersive X-ray (EDX) spectroscopy (figure 2). It seems that in most cases the
EDX may have overestimated the actual Mg in the samples.
Figure 3a shows the UV–Vis absorption spectra of ZnO nanoparticles as a function
of wavelength in the wavelength range from 200 to 600 nm at various annealing temperatures. By comparing the absorption position of the spectra, a blue-shift can be seen
along with variation of annealing temperatures which agree with the reported experimental results [17,18]. All annealed ZnO nanoparticles show stronger UV–Vis absorbance
than the as-grown ZnO nanoparticles. Also, the direct band-gap energy of the prepared
nanoparticles is estimated by extrapolating the straight line plot of (αhv)2 vs. the photon
energy (hv) [19] (figure 3b). As shown in figure 3, with increasing annealing temperatures, optical band gap decreases. This decrease in band-gap energy is in good agreement
with the corresponding blue-shift seen in the absorption edge mentioned above. The band
gap of ZnO particles is a function of size under effective mass approximation (EMA) as
well as under tight binding approximation.
Figure 4 shows the UV–Vis absorption spectra of Mg-doped ZnO nanoparticles with
various Mg concentrations at different annealing temperatures. It is found that when
annealing temperature increases, the energy gap decreases. The decrease in gap energy
may be due to increase in size of the nanoparticles. Also, with increase in doping concentration, the gap energy increases and size of the particles decreases as shown in figure 4.

(a)

(b)

Figure 3. (a) Absorption spectra of ZnO nanoparticles at different annealing temperatures and (b) (αhv)2 vs. hv.
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(a)

(b)

(c)

Figure 4. UV–Vis absorption spectra of ZnO nanoparticles doped with different
Mg concentrations at various annealing temperatures: (a) 100◦ C, (b) 200◦ C and
(c) 400◦ C.
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Figure 5. Size of ZnO for various Mg doping concentrations at different annealing
temperatures: (a) 100◦ C, (b) 200◦ C and (c) 400◦ C.

This result is associated not only with the grains growing more easily when the temperature is higher, but also with Mg dopant. The change in the band gap can be due to quantum
confinement effects. The band gap is proportional to the inverse size of the nanoparticles,
and the band gap of the nanoparticles is slightly bigger than that of the bulk materials. It
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is important that the Mg doping can widen the band gap of ZnO nanoparticles, a result
that has been reported in many reports on Mg-doped ZnO films or other nanomaterials
(nanowires or nanorods) [20–22].

Figure 6. PL spectra of ZnO nanoparticles with different doping concentrations at
100◦ C. Excitation wavelength is 320 nm.

Figure 7. Effect of ageing on the PL spectra of a few selected ZnO nanoparticles with
different doping concentrations at 100◦ C.
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Figure 8. SEM images of ZnO annealed at different temperatures: (a) 100◦ C,
(b) 200◦ C and (c) 400◦ C.

The estimated size of the ZnO nanoparticles as a function of Mg doping concentration
at different annealing temperatures (100◦ C, 200◦ C and 400◦ C) is depicted in figure 5. It
is clear that the size of the particles decreases with increasing doping concentration and
the size increases with annealing temperature as expected from XRD results.
The room-temperature PL spectra of Mg-doped ZnO nanoparticles excited at 320 nm
are shown in figure 6. All the samples show a broad green band with a blue-shift
by increasing Mg doping concentration compared to the emission peak of the undoped
sample. The green emission involves transition from the band edge (or shallow level
close to band) to a defect level. This emission can be due to oxygen interstitials [23–25].
To investigate the effect of ageing on the emission properties, the PL spectra of the
as-prepared and Mg-doped ZnO after 90 days is depicted in figure 7. As shown in
figure 7, green emission peak of the samples shift towards higher wavelength (red-shift)
compared to figure 6 due to ageing [25]. This shift can be due to increase in size of the
particles and decrease in gap energy. However, with increasing doping concentration,
amount of blue-shift of emission band (figure 6) decreases compared to fresh samples
(figure 7) with respect to bulk ZnO which can arise from variation of surface levels and
defect levels.
Scanning electron microscopy was employed to investigate the morphology of the
samples. SEM micrographs of the as-prepared ZnO nanoparticles annealed at different temperatures are shown in figures 8a–c. Averages size of particles increases with
increasing annealing temperatures. As seen in figure 8, the spherical particles can be
distinguished in the pictures, though not very clearly and some clusters can also be found.
The TEM micrograph of the ZnO nanoparticles with different Mg doping concentration
is presented in figure 9. As shown in figure 9, most of the particles are quasispherical and
the size distribution histograms are also depicted. TEM picture (figure 9a-2) reveals that
the size of the ZnO particle is about 12 nm with a narrow size distribution. The average
size of the Mg-doped ZnO nanoparticles decreases as the Mg concentration increases.
4. Conclusions
The effect of Mg doping on the microstructure and optical properties of ZnO nanoparticles
prepared by chemical method without using any capping agent has been investigated. The
Mg substitution in the sample is indicated by EDX technique. The XRD patterns show
that Mg-doped nanoparticles have hexagonal structure as that of ZnO and Mg substitution
328
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Figure 9. TEM spectra and particles size histogram of ZnO nanoparticles doped with
(a) 0% Mg, (b) 4% Mg and (c) 10% Mg, annealed at 100◦ C.

affects the lattice volume very slightly. XRD, UV–Vis and PL measurements indicate that
Mg substitute into ZnO lattice at Zn sites, instead of forming impurity compound or magnesium oxide. The crystallite sizes reduces due to the incorporation of Mg, while the band
Pramana – J. Phys., Vol. 81, No. 2, August 2013
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gap increases. The estimated diameter of the nanoparticles found from the TEM well is
consistent with the XRD results. The PL emission shows a blue-shift with increasing Mg
doping concentration. Also, the green emission peak of the ageing samples shifts towards
lower wavelength compared to fresh samples. The ultraviolet emission peaks blue-shift
with an increase in the Mg doping concentration. The blue-shift observed in the UV–Vis
spectrum is a typical signature of size confinement in ZnO nanoparticles.
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