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The mixed oxides Zn;_,Mg,O were prepared as polycrystalline powders with various composi-
tions (x = 0.02, 0.04, 0.05, and 0.10) using sol-gel technique. X-ray diffractometer (XRD) was used
to characterize the powders for structural and electronic properties. X-ray diffraction analysis reveals
that all the prepared samples exhibit the single wurtzite phase of zinc oxide (ZnO), and magnesium-
doping does not induce any secondary phase in the samples. The Bragg peak positions in the XRD
patterns are found to be shifted towards higher 26 values with more addition of magnesium in the
zinc oxide lattice. Magnesium addition in the zinc oxide lattice is found to enhance the mid bond
electron density distribution up to x = 0.05 and then decrease for x = 0.10. Evidence of host lattice
as well as interstitial addition of Mg?* ions has been realized for x = 0.10, through electron density

analysis.
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1. Introduction

Recently, various nanostructures of zinc oxide
(ZnO) have attracted global interest and led to ac-
tive research activities with possible applications in
electronic, optoelectronic, and energy-conversion de-
vices [1]. ZnO is an excellent electronic and photonic
material having a wide band gap (E; ~ 3.27¢€V) and
a large exciton binding energy of 60 meV. It crystal-
lizes in a hexagonal wurtzite structure with lattice pa-
rameters of a = 3.249 A, ¢ = 5.205 A. The ionic ra-
dius of Zn2* is 0.60 A [2]. ZnO is attracting consid-
erable attention as one of the important candidates for
potential applications including gas sensors, photode-
tectors, light-emitting diodes, varistors, piezoelectric-
ity [3]. Therefore, many research groups concentrate
on the subject of preparation and characterization of
ZnO nanostructure.

In wide band gap semiconductors, the addition of
impurities often induces dramatic changes in their
electrical and optical properties [4], and some dopants
such as magnesium, indium, aluminium, gallium, and
cobalt have been successfully added to ZnO. Dop-
ing with magnesium may modulate the value of the
band gap and increase the ultraviolet (UV) lumines-

cence intensity [5]. Zn;_,Mg,O is a semiconductor
composed of two materials, zinc oxide and magne-
sium oxide (MgO), the growth of which can be easily
controlled over a wide range of temperatures because
the ionic radii of Mg?>* and Zn>* are similar (0.57 A
and 0.60 A, respectively) [6, 7]. Improvements in the
growth of Zn;_,Mg,O have led to many new applica-
tions in electronics and optoelectronics [8 — 10].

MgO (with a wide band gap of 7.7 eV) [3] doped
ZnO material has attracted much attention because of
its wider band gap compared to pure ZnO. Zn;_,Mg, O
has emerged as one of the promising compound
semiconductors which is formed when magnesium
is alloyed with ZnO. ZnO, which belongs to the
wurtzite family, is a well known piezoelectric material,
and alloying with MgO, which is non-piezoelectric
and has the cubic rock salt structure, is reported to
yield beneficial properties for piezoelectric device ap-
plications [11]. The composition of magnesium in
the Zn;_,Mg,O alloy determines the crystallographic
structure, which can be tailored from the wurtzite
phase of ZnO to the cubic phase of MgO [11].

According to Ghosh and Basak [12], for
Zn;_ Mg, O (x = 0.0-0.20) the X-ray diffraction
(XRD) peaks could be indexed to a hexagonal wurtzite
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ZnO structure for all the films with no other phase
indicating these to be polycrystalline and single phase
in the entire composition range. These results imply
that the alloy oxide films retain the ZnO hexagonal
wurtzite crystal structure up to x = 0.20. According
to Fang and Kang [13], the intensities of crystalline
(200) and (220) peaks increased as the Mg(NO3),
concentration increased for Mg-doped ZnO nanorods.
However, higher doping concentrations led to the
degradation of the crystallinity of the nanorods. The
width of the peak of the (002) plane decreased when
the concentration of Mg(NO3),-6H,0 was increased.

Wang etal. [14] found that with the increase in the
dopant concentration, the peak position of (002) was
shifted towards the high-angle side (from 34.40° to
34.50°). Further, Wang et al. [15] reported that magne-
sium ions introduced as dopants at levels below 10%
shift the diffraction peaks to higher angles, suggest-
ing that the unit cell contracts to accommodate the
ions. Such a change is indeed to be expected if mag-
nesium ions (0.57 A) replace zinc ions (0.60 A) in the
lattice, as the magnesium ion has a smaller ionic ra-
dius. Higher levels of magnesium lead to a broadening
of the peaks with shifts indicating as expansion of the
unit cell, possibly due to the magnesium ions prefer-
ring to occupy interstitial sites.

However, only a limited number of reports are avail-
able on the structural studies of Zn;_,Mg,O material at
higher concentrations. Also, the electron density stud-
ies on Mg-doped ZnO have not been found. Hence,
we have analysed the structural properties, phase, and
electron densities of Mg-doped ZnO powder samples,
and ascertained the doping level of magnesium ions
that could be achieved through growth using the sol-
gel method. In this paper, we report the growth of
high-quality Mg-doped ZnO powders using the sol—gel
technique with magnesium contents of x = 0.02, 0.04,
0.05, and 0.10. Then we carried out a detailed study on
the structural and electronic properties of Zn;_,Mg, O
powder samples. The effect of Mg-doping on the elec-
tronic structure of doped ZnO bulk samples is analyzed
in detail.

2. Experimental

The mixed oxides Zn;_,Mg,O were prepared as
polycrystalline powders with various compositions
(x=0.02, 0.04, 0.05, and 0.10) using the sol-gel tech-
nique. Zinc acetate dihydrate (Fluka) and magnesium
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2,-4-pentanedionate (Alfa Easer) were used as precur-
sor materials. Methanol and acetyl acetone were used
as solvents and chelating agent. After weighing the ap-
propriate amount of the constituents, they were put all
together in a Pyrex container and mixed with a mag-
netic stirrer for about 8 hours at room temperature un-
til a transparent solution was obtained. The precursor
solution was stable at room temperature. After solu-
tions become transparent, container cover was opened
and they were rotated to remove the solvent at room
temperature using a magnetic stirrer. Then the powders
were ground, annealed at 600 °C for 30 min under air
in a box furnace.

The synthesized samples were characterized by
powder X-ray (CuKy) diffraction (Philips, X- PERT
PRO, Netherland) at room temperature. The wave-
length used for X-ray intensity data collection was
1.54056 A. The 26 range of data collection was 20°
to 90° for all the data sets with the step size 0.05 in 26.

3. Result and Discussion
3.1. XRD and Rietveld Refinement Analysis

The X-ray diffraction analysis was used to find
phase and crystal structure of the Mg-doped ZnO pow-
der samples. Figure 1 represents Bragg peaks of (100)
Bragg reflection, respectively, for x = 0.02, 0.04, 0.05,
and 0.10. It is observed that the intensities of the Bragg
reflections are found to be increased with an increase in
the doping concentrations. It clearly indicates that the
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Fig.1. XRD peaks of (100) Bragg reflection of the
Zn;_,Mg,O powder samples for x = 0.02, 0.04, 0.05, and
0.10.
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crystallinity gets improved with the increase in dop-
ing concentration. The XRD patterns on the four sam-
ples show that there are shifts in the Bragg positions
of all the observed Bragg peaks up to x = 0.10, to-
wards higher 20 values. The peak positions are shifted
toward the high-side angle with respect to the dop-
ing level, indicating that Mg?* has incorporated into
the ZnO host lattice and substitutes for Zn’>*, as the
ionic radius of Mg?* (0.57 A) is smaller than Zn>*
(0.60 A) [16]. It is also found that, the shifts of peaks
from Zng 9gMgp.020 to Zng 96Mgp 040 is large, but the
shift of peaks from Zng9sMgg 050 to ZnggoMgo.100
is much smaller. This may be due to the saturation of
magnesium doping in ZnO, and some MgO may exist
as impurities at x = 0.10.

The crystalline size of Mg-doped ZnO is calculated
by substituting values of full width at half maximum
(FWHM) in the Scherrer formula [17],

KA
~ BcosO’

where D is the crystalline size of the crystal, the con-
stant K is the shape factor = 0.9444, A is the wave-
length of X-rays (1.5406 A for CuKy,), 0 is the Bragg
angle, and f is the FWHM. The crystalline size of
the grown nano Zn;_,Mg,O samples are shown in Ta-
ble 1. The crystallite size measured by using the Scher-
rer equation was found to increase up to x = 0.05
and then decreases for x = 0.10. The crystalline na-
ture of powders was affected due to the enhancement of
dopant concentration, by which more impurities were
included in the ZnO crystal.

The cell parameters were refined using the unit
cell [18] software for all the powder samples. In the
Rietveld refinement analysis of the structure, all the
essential structural and profile parameters are refined
using the software package Jana 2006 [19] to get accu-
rate information on the structure. Figure 2a—d show
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Table 1. X-ray derived particle size of Zn;_,Mg,O.

Dopant Concentration Crystalline size

x) (nm)
0.02 45.99
0.04 46.93
0.05 48.30
0.10 46.94

the XRD pattern of the Rietveld refined profile for
four samples. As seen from these figures, all the sharp
diffraction peaks in the pattern can be easily assigned
to hexagonal phase ZnO (wurtzite-type, space group:
P63mc). No other phases have been found, revealing
that magnesium doping has not changed the wurtzite
structure of ZnO because of its small content. In ad-
dition, the sharp diffraction peaks reveal that the pre-
pared samples possess good crystalline quality. The
wurtzite structure lattice parameters are shown in Ta-
ble 2. In general, the lattice constants @ and ¢ of Mg-
doped powders are smaller than those of pure ZnO
(a=3.250 A, ¢ =5.205 A at room temperature).
Labuayai etal. [3] have reported on XRD patterns
showing exactly the same peak patterns, which can be
indexed as the ZnO wurtzite structure data (JCPDS,
36-1451). However, the presence of a second phase
as MgO (JCPDS, 45-0946) was observed with a mag-
nesium concentration of x > 0.2, and also a reduction
in the cell parameters a and ¢ of Mg-doped ZnO up
to x = 0.40. Chakrabarti etal. [20] have also reported
on XRD peaks that could be indexed to a hexagonal
wurtzite ZnO structure and decreased in both a and ¢
cell parameters of Mg-doped ZnO for x values from 0
to 0.15. A shift in the XRD peaks of Mg-doped ZnO is
found by Zhuang et al. [16] and Haiping Tang etal. [1].
C axis contraction of Mg-doped ZnO has been pre-
sented by Kumar etal. [11], Wang etal. [15], and Wang
etal. [14]. Also, no structural change was reported by

Table 2. Structural parameters of Zn;_,Mg,O from Rietveld refinement.

Parameter Refinement values

x=0.02 x=0.04 x=0.05 x=0.10
a(A) 3.2445(2) 3.2437(4) 3.2426(3) 3.2394(8)
c(A) 5.1952(2) 5.1927(3) 5.1883(5) 5.1866(7)
z (0) 0.8750(1) 0.8651(3) 0.8749(5) 0.8749(2)
Rops (%) 0.85 1.21 0.91 0.96
WRgps (%) 0.78 1.11 1.21 0.96
R, (%) 4.22 5.95 5.34 5.60
wR;, (%) 7.51 11.28 9.34 10.03

z - fractional atomic coordinate of oxygen atom
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Fig. 2. Rietveld refined profiles for Zn;_,Mg,O (a) x = 0.02, (b) x = 0.04.
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Table 3. Parameters from the MEM analysis of Zn;_,Mg,O.

Parameter x=0.02 x=0.04 x=0.05 x=0.10
Number of cycles 4180 3697 3687 4326
Lagrange parameter (A)  0.00052 0.00047 0.00046 0.00053
Rmewm (%) 0.0232 0.0200 0.0207 0.0223
wRMEM (%) 0.0225 0.0196 0.0205 0.0215

Li etal. [5] up to an x value of x = 0.15 in Mg-doped
an_ ngxO.

Our XRD results also show a shrinkage in the lat-
tice parameters up to x = 0.10 and indicate the proper
incorporation of magnesium in to the ZnO lattice. But
for x = 0.10, there might be an addition of magnesium
in the interstitial sites too as evidenced by our elec-
tron density studies. Figure 1 shows that while there is
a shift in the XRD peaks towards higher angle sides,
for x = 0.10 the intensity was reduced compared to
the other compositions x = 0.04 and x = 0.05, and was
comparable to the intensity corresponding to x = 0.05.
This indicates that for x = 0.10, while there is an incor-
poration of Mg?* in the host lattice ZnO, there may
also occur an interstitial substitution of Mg?* which

—

Hh‘\\i

leads to a comparable reduction in intensity for x =
0.10 as evidenced from our electron density studies.

3.2. MEM Analysis

The maximum entropy method (MEM) is a method
to derive the most probably map given by a set of
experimental data. In crystallography, MEM can be
used to determine the electron density in the unit
cell that provides the best fit to the scattering data.
This method is acknowledged as the super resolu-
tion technique which can reveal the most intricate
information of the systems concerned. Studies using
MEM in understanding different types of bonding
and the interior electronic details of many materials

Fig. 3 (colour online). Three-dimensional charge density of Zn; _,Mg,O in the unit cell (a) x = 0.02, (b) x = 0.04, (c) x = 0.05,

(d) x =0.10.

)
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Fig. 4 (colour online). Two-dimensional MEM electron density distribution of Zn;_,Mg,O on the (110) plane. (a) x = 0.02,
(b) x=10.04, (c) x =0.05, (d) x = 0.10. (Contour range is from 0.02 to 1.5 e/A3, contour interval is 0.05 e/A3, and distance

from the origin is 1.6 A).
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Fig. 5 (colour online). Three-dimensional isosurface of Zn;_,Mg,O showing the (110) plane. (a) x = 0.02, (b) x = 0.04, (c)
x=0.05, (d) x=0.10.

@

Fig. 6 (colour online). Two-dimensional MEM electron density distribution of Zn;_,Mg,O on the (002) plane. (a) x = 0.02,

(b) x =0.04, (c) x =0.05, (d) x = 0.10. (Contour range is from 0.02 to 3 e/A3, contour interval is 0.05 e/A3, and distance

from the origin is 2.2 A).

Fig. 7 (colour online). Three-dimensional isosurface of Zn;_,Mg,O showing the (002) plane. (a) x = 0.02, (b) x = 0.04, (c)
x=0.05, (d) x=0.10.

are available in literature (e.g., Yamamura etal. [21],
Gilmore [22]). The method adopted for the charge den-
sity reconstruction is a versatile tool used in informa-
tion technology [23].

The electronic structure of Zn;_,Mg,O in one,
two, and three dimensions with x = 0.02, 0.04, 0.05,
and 0.10 is analyzed by MEM [24] using the struc-
ture factors obtained from X-ray measurements. The
MEM electron densities compiled from the experi-
mental information are applied for the visualization of

the three-dimensional electron density using the soft-
ware VESTA [25]. The space groups of these sys-
tems were taken as P63mc. The MEM electron den-
sity studies have been carried out as mentioned in re-
search papers published by one of the authors [26 —28].
The three-dimensional charge density distribution of
wurtzite Zn;_,Mg,O in the unit cell is shown in Fig-
ure 3a—d for x = 0.02, 0.04, 0.05, and 0.10, respec-
tively. In general, the size of the isosurface correspond-
ing to the zinc atom is reduced with doping element
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(b) One-dimensional variation of electron density between

Zn and O along [111] direction, for x = 0.02, x = 0.04, 0.05,

and x = 0.10.

magnesium. The decrease in the isosurface is due to
the smaller ionic radius of the Mg ion (0.57 A) sub-
stituting the larger host ion Zn>* (0.60 A) at its site in
Zn0O. The parameters of MEM analysis are presented
in Table 3.

Figure 4a—d shows the two-dimensional electron
densities of Zn;_,Mg,O on the (110) plane for x =
0.02, 0.04, 0.05, and 0.10, respectively. The (110)
plane along with the three-dimensional isosurfaces of
the electron clouds in the unit cell is presented in Fig-
ure 5a—d for x = 0.02, 0.04, 0.05, and 0.10. We have
analysed the electron densities on the (002) plane too,
which is located at a distance of 2.2 A from the ori-
gin. Figure 6a—d show the two-dimensional represen-
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tations of the electron densities on the (002) plane. The
three-dimensional isosurfaces and the (002) plane are
shown in Figure 7a—d for x = 0.02, 0.04, 0.05, and
0.10. These figures clearly reveal the reduction of the
charge distribution of the host zinc atom when the con-
centration of magnesium is increased.

The host lattice addition of Mg?* for Zn>* leads
to a shrinkage of the lattice and hence more close
interaction of zinc (magnesium) and oxygen atoms
which leads to slightly increased bond charges as seen
from Table 4. For x = 0.10, there may be an intersti-
tial addition of Mg”" ions in addition to the host lat-
tice addition of Mg?t which might cause a compli-
cated lattice and hence a slight reduction in the mid
bond electron density along the [100] and [111] direc-
tion in the unit cell. The electron density maps clearly
reveal the reduction of the charge distribution of the
host atom zinc when the concentration of magnesium
is increased.

The one-dimensional electron density profiles are
shown in Figure 8a and b for the bonding between zinc
and oxygen atom along the [100] and [111] direc-
tion, respectively. The values of the mid bond densi-
ties are given in Table 4. In both cases, it shows in-
creasing electron densities with respect to increasing
magnesium content up to x = 0.05, it then decreases
for x = 0.10. This is due to a closer interaction of zinc
(magnesium) and oxygen atoms up to x = 0.05, which
is only possible through more host lattice addition of
Mg?*. While the two- and three-dimensional analyses
show an inclusion of Mg?* in the zinc host lattice,
the mid bond densities through the one-dimensional
analyses also show that there is a host lattice addition
of magnesium in the form of Mg>* up to x = 0.05.
This implies that the solubility limit for magnesium
doping in Zn;_,Mg,O sample using sol-gel method
is up to x = 0.05. Ghosh and Basak [12] reported that
when magnesium is substituted in ZnO using the sol-

Table 4. Electron densities of Zn;_,Mg,O in the Zn(Mg)-O
bond.

Direction
X [100] [111]
Electron density ~ Electron density

(e/A% (e/A%
0.02 0.312 0.315
0.04 0.342 0.345
0.05 0.345 0.346
0.10 0.254 0.254
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gel method, an equilibrium solid solution is formed up
to x = 0.05 in accordance with the thermodynamical
solubility limit. Chakrabarti etal. [20] observed that
the band gap of the sol-gel grown Mg,Zn;_,O films
was increased with increasing the magnesium concen-
tration. The annealing of the films in static oxygen at-
mosphere substantially reduces the defect related emis-
sion and increases the near band edge UV emission of
the films. For the UV emission intensity to be max-
imum, the optimum x value is x = 0.05. The parame-
ters involved in electron densities of Zn;_,Mg,O in the
Zn(Mg) — O bond analysis are presented in Table 4.
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