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Abstract. A series of ZnO nanophosphors doped with different concentrations of Mg (x = 0–0.05) were synthesized by
combustion route using urea as the fuel. The final powdered products were well characterized by using powder X-ray
diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR), X-ray fluorescence (XRF), transmission electron
microscopy (TEM), UV–visible spectroscopy (UV–Vis) and photoluminescence (PL) characterization techniques. The
powder XRD patterns of the formed product shows hexagonal phase. Scherrer equation was employed to calculate the
average crystallite size and was found to be in the range of 30–50 nm. XRF study confirmed the chemical analysis of the
samples. The agglomerated morphology of the samples was established by the TEM studies. Band gap calculations were
done with UV–visible spectroscopy. PL properties of undoped and ZnO:Mg (x = 0–0.05) using 325 nm excitation source
were studied to investigate the possibility of its use for display devices. The emission spectra consisted of an excitonic
band edge emission and visible emission at 500 nm corresponding to blue light. The CIE colour coordinates also
correspond to the bluish-white emission. The obtained results indicated that the synthesized phosphor can be explored as a
useful material for display applications.
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Introduction

Zinc oxide (ZnO) being a wide band-gap material, is
broadly investigated because of its unique properties. Like
many other metal oxides, addition of foreign impurities in
ZnO offers improved optical, mechanical and electrical
properties of the semiconductor and facilitate its usage in
construction of many electronic and optoelectronic devices
[1–5]. Doping in ZnO can open a wide range of applications
of this semiconductor by bringing in properties dependent
on composition [6]. Impurity-doped zinc oxide is promising
because of modified band gap, enhanced electrical conductivity and impressive emission properties [7,8]. The
luminescence observed in ZnO is generally composed of an
emission due to exciton recombination and a visible emission [9]. The emission due to exciton recombination has
utility in display applications and light-emitting diodes [10].
In recent times, magnesium (Mg2?)-doped ZnO ceramic
specimens have been studied widely because of their UVluminescent properties arising due to the exciton recombination. Mg2? (0.72 Å) is an attractive dopant because of its
comparable ionic radii with Zn2? (0.74 Å). Also, the

addition of Mg2? in ZnO is favoured because it is highly
soluble in ZnO and no change in lattice constants is
observed. Moreover, it was reported that the electron density and the oxygen vacancies present in ZnO also tend to
decrease by the addition of Mg into zinc oxide lattice [11].
Therefore, it can be concluded from the fact that Mg2?
doping will pose considerable effect on the optical properties of ZnO. In addition to this, MgZnO semiconducting
materials with wide band gap, have proved to be potential
candidates for solar cells [12], sensing applications [13],
display devices [14], heat mirrors [15], monitoring of solar
UV radiation [16], detection of high temperature [17] and
missile system [18]. Various approaches are employed for
the preparation of ZnO nano powders, such as co-precipitation method [19], solvothermal [20], ultrasonic [21], spray
pyrolysis [22] and sol–gel method [23]. Combustion synthesis is an alternative approach and has emerged as a
promising solution chemistry route for synthesizing a
variety of oxide ceramics, in nanocrystalline forms. It is
exceptionally fast, typically on the timescale of seconds and
its important feature is a precise control of composition. It
serves as a principal method for the synthesis of advanced
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luminescent materials [24]. This work discusses the synthesis process and characterizations of ZnO:Mg nano
powders. The main aim of the work is to synthesize a facile
material for suitable application in optoelectronic devices.

2.

Experimental

All the chemicals used in the synthesis process were of
analytical grade and were directly employed without any
further purification. Properly washed and sanitized glasswares were used.

2.1

Preparation of MgxZn1-xO by combustion method

Undoped and Mg-doped MgxZn1-xO nanoparticles (x =
0.01, 0.02, 0.03, 0.04, 0.05) were prepared by auto-combustion route. Analytical grade zinc nitrate (Zn(NO3)2) used
as an oxidizer and urea (CH4N2O) used as a fuel were
weighed properly, maintaining the stoichiometry and then,
transferred to a mortar. Magnesium nitrate (Mg(NO3)2), the
dopant chosen was also weighed and mixed in the mortar
along with other precursors to form a paste. The borosilicate
glass beaker was used to collect the paste and kept in the
pre-heated muffle furnace in which the combustion reaction
takes place. It took about 2–3 min to complete the reaction
inside the furnace. The final product was ground into
powder and then, subjected to annealing treatment at 800°C
for 3 h and the resulting product was preserved for structural, morphological and optical investigations.

2.2

Characterizations

Powder X-ray diffraction (PXRD) was employed for the
structural characterization of the ZnO-NPs. RIGAKU
Ultima IV X-ray diffractometer with CuKa (k = 1.54056 Å)
was used. 2h range of 20–90° with a step size of 0.02 were
chosen and 0.02 steps per second was the rate of scanning of
recording of XRD pattern. The X-ray fluorescence (XRF)
measurements were carried out using the XRF spectrometer
(model S8 Tiger) with 4K Watt Rh anode X-ray tube with
proportional flow counter and scintillation counter detectors. The Fourier transform infrared spectra (FTIR) were
obtained from Shimadzu FTIR spectrophotometer (IR Tracer-100) in the frequency range of 400–4000 cm-1. The
size investigation was performed using a high-resolution
transmission electron microscope (HRTEM) (model TECNAI G G20 TWIN). UV–Vis absorption spectra were
measured using Shimadzu double beam (model 2600) UV–
Vis spectrophotometer in the range of 190–1400 nm. The
photoluminescence (PL) emission spectra of the powders
were recorded using the Cary–Eclipse spectrofluorometer
containing a xenon lamp with 150 W output for excitation.
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Results

3.1

Powder X-ray diffraction

XRD was performed for phase identification and calculation
of lattice parameters of the synthesized MgxZn1-xO
nanoparticles. For all the samples, the peaks obtained for
ZnO-NPs matched up with the lattice planes present in ZnO.
No characteristic peaks from other impurities were detected
validating the pure form of ZnO wurtzite structure. No
change in the crystalline phase of the synthesized
nanoparticles is observed indicating high thermal stability
[25]. The averaged size of the crystallites for all samples
was calculated from full width at half maximum (FWHM)
of diffraction peaks by the Debye Scherrer equation [26]
Dc ¼

kk
b cos h

ð1Þ

where crystallite size is denoted by Dc (nm), k the shape
factor (0.9), k (1.540564 Å) the CuKa-1 wavelength, h the
diffraction angle and b the FWHM (radians) of the
respective peaks. It was observed that the addition of
variable amount of Mg2? in ZnO has resulted in almost no
change in the crystalline nature of ZnO which confirmed
that the introduction of activator (Mg2?) did not affect the
crystal structure of the host matrix. Further, the non-observance of secondary phase indicated that (Mg2?) ions
effectively positioned themselves into the host lattice in
place of Zn2? sites. However, with an increase in doping of
Mg2? ions, the PXRD profiles shifted towards the lower
angle side as shown in figure 1.
Generally, the allowed difference (in %) of ionic radii
between substituted ions and doped ions must not exceed
30% [27]. The radius percentage difference (Dr) between

Figure 1.

X-ray diffraction profiles of ZnO:Mg2? (x = 0–0.05).
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the substituted ions (Zn2?) and doped ions (Mg2?) in
ZnO:Mg2? was calculated on the basis of the formula:
Dr ¼

½Rh (CN)h  Rd (CN)d 
 100;
Rh (CN)h

ð2Þ

where Rh(CN)h; radius and coordination number of cations
present in host (R = 0.74 Å, CN = 6) and Rd(CN)d is the
radius and coordination number of ions to be doped (R =
0.72 Å , CN = 6), respectively. The value of Dr by using
equation (2) was 2.7%. It was apparent that the Mg2? ionic
radius is close to Zn2?, thus making it feasible for Mg2?
ions to substitute with Zn2? in the ZnO host. Hence, it was
obvious that Zn2? sites were replaced by Mg2? in ZnO
lattice.
Also, with the variation in Mg2? ion concentration, a
gradual decrease in size of the crystallites was observed.
The presence of micro strain in nanophosphors causes
shifting of peaks and broadening of lines in PXRD profiles.
Williamson and Hall (W–H) plot (figure 2) was used to
estimate the microstrain in ZnO nanoparticles using the
relation as in equation (3):
b cos h ¼

0:9k
þ 4e sin h;
D

ð3Þ

where e is the strain associated with the nanoparticles. The
above equation gives the representation of a straight line
between 4 sin h (x-axis) and b cos h (y-axis). The strain is
obtained from the slope of the straight line and intercept
gives the crystallite size (Dc). Also, the variation in crystallite size corresponding to increasing Mg2? concentration
is shown in figure 3.
Moreover, the defect density d, defined as the length of
the dislocation line per unit volume, is given by

Figure 2.

Williamson–Hall plots of ZnO:Mg2? (x = 0–0.05).
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1
:
ð4Þ
D2
The structural parameters are calculated using equations
(5–9). Cell parameters a and c are calculated by equation
(5):
d¼

1
4 ðh2 þ hk þ k2 Þ l2
¼
þ 2;
2
d
3
a2
c

ð5Þ

where h, k and l are the Miller indices and d is the interplanar spacing. Unit cell volume is calculated by making
use of equation (6):
pﬃﬃﬃ
3 2
V¼
ð6Þ
a c:
2
An important variable which is employed in calculating
the Zn–O bond length is the position parameter u, which is
given by equation (7):
u¼

a2
:
3c2

ð7Þ

Length between Zn and O is specified by bond length L
and is calculated from equation (8):
"

2 #1=2
a2
1
 u c2
þ
L¼
ð8Þ
2
3
Lattice parameters a and c were used to calculate the
atomic packing fraction (APF) by using equation 9:
APF ¼

2pa
pﬃﬃﬃ
3c 3

ð9Þ

The value of APF is listed in table 1. The increase in APF
is an indication of homogeneous substitution of Mg ions in
the Zn site of ZnO structure.

Figure 3. Crystallite size variation with increasing Mg2?
concentration in ZnO.
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Lattice parameters and crystallite size of ZnO:Mg2? (x = 0–0.05).

Table 1.

Lattice parameters
Sample name
ZnO:Mg
ZnO:Mg
ZnO:Mg
ZnO:Mg
ZnO:Mg
ZnO:Mg

(x
(x
(x
(x
(x
(x

=
=
=
=
=
=

Dc (nm)

Strain (e)

FWHM (b)

a = b (Å)

c (Å)

V (Å3)

U

APF (g cm-3)

L (Å)

35.60
35.88
36.97
39.05
34.62
32.32

0.0010
0.0018
0.0012
0.0013
0.0017
0.0020

0.1989
0.1941
0.1862
0.1862
0.1871
0.1908

3.5910
3.2479
3.2399
3.2603
3.2603
3.2541

5.0911
5.2259
5.2220
5.2220
4.9688
5.2226

58.36
47.45
47.46
48.06
45.73
47.88

0.1590
0.1287
0.1283
0.1299
0.1435
0.1294

0.8524
0.7511
0.7498
0.7545
0.7930
0.7530

2.732
2.698
2.695
2.697
2.631
2.697

0)
0.01)
0.02)
0.03)
0.04)
0.05)

Table 2. XRF chemical analysis results for phosphor ZnO Mg2?
(x = 0.05).
Sample name

Components

Mass %

Zn
Mg
O

69.66
1.81
28.53

ZnO:Mg2? (0.05)

3.2

X-ray fluorescence (XRF)

Figure 5.

FTIR spectrum of sample ZnO and ZnO:Mg2? (0.05).

with a quantity of dopant concentration incorporated in it.
This confirms the chemical analysis of the sample.
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XRF was performed to know about the chemical compositions of elements present in the sample. The XRF chemical analysis of the phosphor ZnO:Mg2? (x = 0.05)
investigated in the current research are presented in table 2.
The XRF results show presence of only Mg, Zn and O
elements as shown in figure 4. There are no noticeable
traces of presence of any impurity in the ZnO:Mg2? phosphor. Results from analysis of sample showed that substantial amount of Zn2? and a lesser amount of Mg2? are
present which suggest the production of a phosphor sample
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XRF spectra of ZnO:Mg2? (x = 0.05).

30

40

50

52

54

56

Bull. Mater. Sci.

(2021) 44:137

Page 5 of 9

137

Figure 6. (a) TEM micrograph, (b) high-resolution TEM micrograph, (c) SAED pattern, (d) EDX spectra of
ZnO:Mg nanophosphors.

3.3

Fourier transform infrared spectroscopy

FTIR of intrinsic ZnO and ZnO:Mg (0.05) samples are
shown in figure 5. For doped sample, the strong bond at
Table 3.
EDAX.
Element
OK
Mg K
Cu K
Zn K

Atomic and weight percentages of elements detected by
Weight %

Atomic %

44.21
1.28
49.96
4.55

75.26
1.43
21.41
1.90

about 418 cm-1 was observed and it was ascribed to the
vibrational mode of MgO. The peak positioned at 884 cm-1
corresponded to Mg–O–Mg contacts [28]. The band
observed within the range of 1300–1800 cm-1 was assigned
to OH group of molecular water. For pure ZnO, the peak at
903 cm-1 is assigned to vibrational frequencies occurring
due to the microstructural change in ZnO [29]. The observation of peaks between 2300 and 2400 cm-1 is due to the
existence of CO2 molecule in air [30]. A broad band
between 3200 cm-1 and 3500 cm-1 was also observed and
it indicates the presence of O–H group which was probably
because of the fact that water re-adsorption from the
ambient atmosphere may have occurred when the spectra
were recorded.
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Figure 7.
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Optical band gap energy estimation using Tauc’s plot for ZnO:Mg2? (x = 0–0.05).

Table 4. Optical band gap (Eg) values and Urbach energy (Eu)
values for synthesized samples.
Sample name
Pure ZnO
ZnO:Mg (x
ZnO:Mg (x
ZnO:Mg (x
ZnO:Mg (x
ZnO:Mg (x

=
=
=
=
=

0.01)
0.02)
0.03)
0.04)
0.05)

Band gap,
Eg (eV)

Urbach energy,
Eu (meV)

3.101
3.203
3.214
3.217
3.220
3.303

156
133
123
115
84
64

Figure 8. Plot of ln(a) vs. ht for Urbach energy calculation for
ZnO:Mg2? (0.01).

3.4

Transmission electron microscopy

TEM studies were carried out on the sample ZnO:Mg2?(x =
0.05) and are presented in figure 6. The low magnification
TEM investigations of the sample have revealed a particular
morphology consisting of spherical-shaped particles
(figure 6a). Among the micrographs, some representative
pictures of lattice fringe patterns and selected area electron
diffraction (SAED) patterns recorded during the HRTEM

Figure 9. Correlation of Urbach energy and band gap with %
Mg2? content.
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Figure 12. PL spectrum of ZnO:Mg2? (x = 0–0.05) nanophosphors (kexc at 325 nm).
Figure 10.

Figure 11.

PL emission spectra of ZnO:Mg2? (x = 0–0.05).

PL intensity vs. Mg2? concentration at kexc.= 325 nm.

observations are displayed in figure 6b and c. The lattice
planes corresponding to ZnO were detected in the SAED
pattern and these planes have been assigned. SAED
demonstrates that the nanomaterial structure is hexagonal
with the space group P63mc. The EDAX analysis is shown
in figure 6d) The presence of Zn, Mg, O and Cu in the
sample is shown in table 3. Presence of Cu is attributed to
the copper grid of EDAX attached to it.

3.5

UV–visible spectroscopy

The Tauc’s plot was used to calculate the band gap of the
samples using the equation:

n
ðahmÞ ¼ A hm  Eg ;
ð10Þ

where a is the absorption coefficient, A the constant, Eg the
energy band gap, h the Planck’s constant and m the photon
energy. By extrapolating the linear portion of the (F(R)hv)2
vs. hv plot on the energy axis, the optical energy band gap
was evaluated. The values of Eg are found to be 3.101,
3.203, 3.214, 3.217, 3.220, 3.303 eV, respectively, for
MgxZn(1-x)O with varying concentrations of Mg2? as (x =
0, 0.01, 0.02, 0.03, 0.04 and 0.05). The variation of energy
band gap as a function of Mg content for representative
samples in shown in figure 7. The band gap increased linearly from 3.101 to 3.303 eV for the increasing Mg
concentration.
Upon substitution of dopant ions in the host lattice,
localized states are formed which distort the lattice. The
broadening of band edge could be observed and is formed to
band tails, called Urbach energy tail [31]. The absorption
coefficient is assumed to have an exponential dependence
on the incident photon energy and obeys the empirical
Urbach relation [32]. The Urbach energy can be determined
using the relation:
 
hm
a ¼ a0 exp
;
ð11Þ
Eu
where a is the absorption coefficient, a0 a constant, Eu the
Urbach energy which refers to the width of the exponential
absorption edge and hm the photon energy. The Urbach
energy plot for ZnO:Mg2? (x = 0.01) is shown in figure 8.
The obtained values of band gap (Eg) from Tauc’s plot
and Urbach energy (Eu) values from Urbach analysis are
mentioned in table 4. From the table, a significant decrease
in Urbach energy is observed with the increase in doping.
The observed decrease indicates an improvement in the
quality of powdered samples due to annealing out of the
structural defects. Figure 9 describes the non-monotonic
relation in band gap and Urbach energy values with
changing dopant concentration.
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Figure 13. Chromaticity diagrams of samples (ZnO and ZnO:Mg (x = 0.05)).

Figure 14. Bi-exponential fitted time-resolved photoluminescence spectra of Mg-doped ZnO sample (x = 0.01).

3.6

Mg2? doping increases, the band edge emission peak and
the blue band get shifted to the higher wavelength region.
For pure ZnO, the emission peaks are located at about 377
and 493 nm. However, the emission peaks shifted to 375
and 505 nm, respectively, with increasing Mg2? concentration. The highest relative intensity for 4 mol% (x = 0.04)
MgZnO sample was achieved from PL data as is also
confirmed from figures 10 and 12. The variation of relative
intensity of 500 nm emission with respect to Mg2? concentration for ZnO:Mg2? phosphors is shown in figure 11.
The emission intensity after a certain concentration begins
to decrease and quenching is observed. The reason must be
that with an increase in Mg2? ions, there is an increase in
interactions between the ions which lead to self-quenching
and therefore, decreased photoluminescent intensity is
observed [33]. Increase in doping can result in cross-relaxation process in Mg2?–Mg2? pairs, and can result in
luminescence quenching.

Photoluminescence

PL study is a powerful method for investigating the effects
of impurity doping on optical properties of oxide nanostructures. Also, the information related to the presence of
defects and relaxation ways from excited states to ground
state is gathered from the PL spectrum. The PL spectra of
ZnO nanoparticles mostly show two components, one is the
typical exciton emission and the other component is the
defect-based emission in the visible region of the PL
spectrum. Figure 10 shows the PL spectra of synthesized
samples recorded at 325 nm (kexc). A strong near band edge
UV luminescence was observed for all the samples. In
addition, all samples show typical luminescence behaviour
with a monochromatic blue emission peak located at about
500 nm. It is also found from the PL measurements that the
peaks of near band edge emission of Mg2?-doped ZnO
samples is shifting towards the higher wavelength. As the

3.7

CIE coordinates

The CIE colour coordinates measured from the photoluminescent emission of pure ZnO and Mg-doped ZnO
nanoparticles with highest Mg dopant concentration are
shown in figure 13. For undoped and doped-ZnO with Mg2?
dopant concentrations of (x = 0.01, 0.02, 0.03, 0.04, 0.05),
the CIE coordinates are (0.21, 0.39), (0.22, 0.23), (0.27,
0.39), (0.27, 0.38), (0.26, 0.37) and (0.27, 0.37) respectively, and these show the colours in bluish-white region.

3.8

TRPL analysis

Time-resolved PL (TRPL) spectroscopy offers the aspects
regarding the dynamical processes such as excitation,
recombination and relaxation processes. The decay time of
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the material is generally determined from the concentration
of defects that are responsible for the trapping of electrons
or holes. Figure 14 depicts the fitted TRPL curves of Mgdoped ZnO sample (x = 0.01). The curves are fitted using biexponential function which was used to estimate the decay
time of samples. The fitted curves give the decay time
constants and the exponential function is given by:
t

t

IðtÞ ¼ A þ B1 es1 þ B2 es2 ;

ð12Þ

where I(t) represents luminescence intensity, A the constant,
Bi the PL intensity of the ith component (t = 0), s1 and s2
represent the decay time constants. Short decay time (s1) is
related to fast decay process, whereas long decay time (s2)
represents slow decay process and these decay processes
correspond to trap-assisted recombination, respectively. For
the present phosphor, the rapid decay (s1) was obtained as
0.251 ms and slow decay (s2) was obtained as 0.669 ms.

4.

Conclusions

In the present work, ZnO:Mg (x = 0–0.05) nanophosphors
were synthesized by simple and low-cost combustion
method. The PXRD patterns confirmed hexagonal wurtzite
structure. EDAX confirmed the chemical composition and
TEM revealed the crystallinity of material. The chemical
composition of the elements present in the sample was also
confirmed by XRF and FTIR studies. From PL study,
prominent emission spectra were observed at 325 nm
excitation wavelength. Two components were observed
near band edge emission and defect-related emission in
visible region. The results of both doped and undoped
samples were correlated. Further, excellent CIE chromaticity coordinates (x, y) were shown by this phosphor and
as a result, it paves a way for excellent use in display
devices.
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