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Band Gap Engineering of Mg Doped ZnO Nanorods

Prepared by a Hydrothermal Method

Sevim D. Senol, Cihat Boyraz, Ersin Ozugurlu, Ali Gungor, and Lutfi Arda*

The effect of band gap on the structure, magnetic, and optical properties of
Zn,_,Mg,0 nanorods synthesized by hydrothermal method using varying
x-values from 0.00 to 0.05 with 0.01 step increment is studied. The structural
phases of Zn;_,Mg,O samples are determined by X-ray diffraction tool. The
Rietveld analysis is performed for the selected Zng 9sMgo.0sO sample and all
samples’ phases are found as single phase. The concentration-dependent of
lattice parameters, cell volumes, microstrain, and dislocation density, locality
of the atoms and their displacement, and bond length in Zn,.,Mg,O
structures are detailed. Electron Spin Resonance (ESR) measurements are
performed and analyzed through concentration dependence of the g-factor
and the line-widths of pike to pike (AHpp) of ESR spectra. A ferromagnetic
behavior of the Zng 95 Mgo.0sO nanorods is observed. The optical band gaps
(Eg) of Zn;.,Mg,O nanorods are obtained by the data taken from
Ultraviolet-Visible (UV-VIS) diffuse reflectance spectroscopy. It is found that

which was studied by Sinha et al.*! who
revealed that cerium doping decreased
size of nanorods, increased the intensity
of green emission peak in photolumi-
nescence, and decreased the band gap
energy to 3.18 eV from 3.37 eV. More-
over, gallium-doped ZnO is also an im-
portant material due to its high carrier
concentration and electrical conductiv-
ity, especially higher gallium doping pro-
duces a decrease of the band gap values
of ZnO. Among these various doping el-
ements, cadmium decreases to approxi-
mately 3 eVP! and magnesium increases
the band gap to 4 eV and higher>'! In
addition, magnesium doping might be
suitable for enhancement of structural,

the E;-values increased with increasing amount of Mg elements in the

structure.

1. Introduction

The zinc oxide (ZnO) nanostructure comes forward from among
the II-VI semiconductors with very attractive properties such
as the exciting binding energy of 60 meV at room temperature
and a direct wide band gap of 3.37 eV. These properties have
been used for the development of optoelectronic materials and
applications.-!1 Electro-optical and structural properties of ZnO
nanomaterials can be controlled and improved by doping process
with various elements. According to ref. [9] silver doping not only
improves the absorption of the photocatalysts but also causes
red-shift in the absorption band. Band gap reduction means that
lower energy is required for the electron-hole pair generation. An-
other doping element lowering the band gap of ZnO is cerium

electrical, and optical properties of ZnO.
Moreover, the Mg?* ions can also be suc-
cessfully incorporated into the lattice of
ZnO nanostructures due to its ionic ra-
dius (0.57A) close to the ionic radius of
Zn** (0.60A).12

The wurtzite-type ZnMgO alloys have important applications
in optoelectronic and display devices. Alloying of wurtzite
ZnO with cubic MgO develops metastable wurtzite (x < 0.5) or
zincblende (x > 0.5) crystals. Recent optical studies of ZnMgO
indicated that with increasing Mg content the energies of the
fundamental band-to-band transitions were found to be strongly
blue shifted. Heiba and Arda™ reported that magnesium content
in ZnO must be high to achieve the true blindness and to extend
the band gap energy. However, they found out that unstable
phase mixing could occur because of the large crystal structure
dissimilarity between wurtzite-hexagonal ZnO and rock-salt-
cubic MgO.

Dr. S. D. Senol

Abant Izzet Baysal University

Faculty of Arts and Science
Department of Chemistry

14280 Bolu, Turkey

Dr. C. Boyraz

Marmara University

Faculty of Technology

Department of Mechanical Engineering
Goztepe, 34722 Istanbul, Turkey

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/crat.201800233

DOI: 10.1002/crat.201800233

Cryst. Res. Technol. 2019, 1800233

1800233 (1 of 7)

Dr. E. Ozugurlu

Istanbul Technical University

Faculty of Science and Arts

Department of Mathematical Engineering
34467 Maslak, Istanbul, Turkey

Prof. A. Gungor

Bahcesehir University

Faculty of Medicine

Department of Biophysics

34734 Kadikoy, Istanbul, Turkey

Prof. L. Arda

Bahcesehir University

Faculty of Engineering and Natural Sciences
Department of Mechatronic Engineering
34349 Besiktas, Istanbul, Turkey

E-mail: lutfi.arda@eng.bau.edu.tr

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

CRYSTAL
Research&Technology

www.advancedsciencenews.com

Recently various techniques for the formation of Mg-doped
ZnO nanostructures and films are reported in the literature;
such as the microwave heating method,*® auto combustion
method,!"¥ pulsed laser deposition (PLD),'” two-step method,*?
sol-gel method,"® chemical vapor deposition (CVD),'?l and
hydrothermal synthesis.'”*) Among these, the popularity of
the hydrothermal method is increasing day by day because of
its efficient and tolerable growth condition, good potential for
environmentally-safe production, suitability to any type of dop-
ing, easy control of dopant concentration, low cost with the use
of water as a reaction medium, and mainly material synthesis for
single crystal growth.[2021]

In this study, we report different compositions of Mg-doped
Zn0 (Zn; Mg,0: x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.05) nanorods
synthesized by the hydrothermal method. Our aim is to figure
out the effect of Mg doping on the structural, magnetic, and
optical properties of ZnO nanorods using X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), Energy-dispersive
X-ray spectroscopy (EDS), and UV-visible diffuse reflectance
spectroscopy techniques.

2. Experimental Section

Mg doped zinc oxide nanorods were synthesized at various con-
centrations (Zn;.,Mg,0O: x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.05) by
hydrothermal method. Zinc nitrate (Zn(NO3)2, Alfa Aesar),
magnesium acetate tetrahydrate, and hexamethylenetetramine
(HMTA) were used as precursor materials. Deionized water was
used as a solvent. 0.1 M aqueous precursor solution was prepared
by dissolving Zn(NO3)2 and Mg in deionized water and stirring
for an hour at room temperature. After dissolving the precursor,
equal mole of hexamethylenetetramine was added to the solution
and stirred for another one hour. After this step, 80 mL of pre-
pared solution is transferred to 100 mL autoclaves. The reaction
was conducted in an electric oven at 100 °C. After that, Mg doped
ZnO nanoparticles were separated from the solution by using a
centrifuge. Separated nanoparticles were washed with deionized
water and dried in air.

Room temperature XRD measurements were performed for
Mg doped ZnO nanorods by Rigaku Multiflex X-ray diffraction
(XRD) instrument with monochromated Cu Ka (1.5418A) source
in the 20 scan range of 20° to 80° and the scan speed 3 min~! with
0.02 step increment. The surface morphologies of the samples
were evaluated by Scanning Electron Microscopy (SEM-EDX)
Jeol-6390-LV. The optical reflectance properties of the samples
were carried out by Shimadzu 2600 Plus UV-Spectrophotometer
with diffuse reflectance attachments. ESR spectra of Zn; ,Mg,O
(where x = 0.0, 0.01, 0.02, 0.03, 0.04, and 0.05) nanorods were
collected at room temperature on a Bruker EMX model X-band
spectrometer operating at a frequency of 9.8 GHz.

3. Results and Discussion

3.1. Structure Analysis

The structure of the all samples was determined by XRD analy-
sis in the range of 20° <26 < 80° degrees. The strongest peak was
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Figure 1. XRD analysis of all Zn1.,Mg,O in a) and the Rietveld analysis of
ZnoA95Mg0}050 sample in b)

indexed as (100) for all dopant rates. The excessive magnesium
contribution in especially Zng9sMgo 05O revealed an increase in
(002) peak intensity. All peak positions were indexed in Figure 1a
and the secondary phase was not observed in all sample XRD pat-
terns. The Rietveld refinement was exhibited for Zn, ¢sMg 05O to
present the sample quality in Figure 1b. Small variations which
were found by the difference between observed and calculated
were given by the blue color line in Figure 1b. This is an indica-
tion of a well-refined sample. The vertical pink colored bars depict
Bragg reflection positions in the sample. Using the Debye Sher-
rer equation?!! and the full width at half maximum value (8), the
average particle size (D) of Zn;.,Mg,O samples were calculated
and reported in Table 1. The nanorod’s sizes of the samples are
in fluctuation tendency with the increment of Mg elements in
the stoichiometric samples and the contribution rate of x = 0.05
gives the lowest particle size (29.26 nm).

Kx
D =
BCosh

1)

In Equation (1), 6, K, and A are the diffraction angle of the
corresponding peak, 0.9 constant value, and 0.15406 nm X-ray
wavelength, respectively. The lattice parameters (¢ and ¢) and
cell volume variations of Zn; ,Mg,O samples were exhibited in
Figure 2a—c.
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Table 1. The concentration-dependence of lattice parameters, cell volumes, microstrain, dislocation density, locality of the atoms and their displacement,
bond length, and band gap in Zn1.,Mg,O structures.

ZnO Zno.ssMgo01O Zno.9sMgo.020 Zno.s7Mgo.030 Zno.ssMgo.04O Zno.9sMgo.0s0
a[A] 3.251 3.25182 3.25180 3.25195 3.25217 3.25223
c[A] 5.21 5.21020 521021 5.21019 521015 521011
c/a 1.601 1.602 1.602 1.602 1.602 1.602
Volume,V[A®] 47.667 47.7227 47.7223 47.7265 47.7325 47.734
D [nm] 48.12 35.51 33.61 33.20 34.30 29.26
£ 0.00072 0.00098 0.00103 0.00104 0.00102 0.00119
§%10™ 0.000431 0.000793 0.000885 0.000907 0.00085 0.001168
u 0.37988 0.37984 0.37984 037985 0.37987 0.37988
L [nm] 1.9784 1.97906 1.97905 1.97911 1.97920 1.97922
Eq [eV] 3.199 3.223 3.226 3.239 3.245 3.247
v T T T y - The increment range was observed in in-plane lattice parame-
3.25221 (a) o----* . . .
] .- ter (@) by increasing Mg amount in the samples between 0.02 and
3.2520 4 " 4 0.05 dopant rate in which a continuous decrease was observed
T— PR I — for 01.1t-o.f-pl'fme lattlce. parameters in Flgure 2a,b. This behavior
' is an indication of horizontal expansion in cell volume by means
= 3.2516 o 1 of increasing the amount of Mg concentration in the samples.
T gosig] s | The cell volume variation was observed in all Mg contribution
’ ] p steps by partially replacing Mg with Zn in the structures. The in-
3.2512 4 o 1 crement of Mg in the samples revealed an increment in the cell
s2810] & | volume after the concentration rate of x = 0.02 in Figure 2c. This
. : . . . ! increment in the cell volume is attributed to a relaxation in the
0.00  0.01 0.02 0.03  0.04 0.05 :
Concentration (x) chemical pressure. . . .
5.21025 In a structure, both doping ratio and annealing temperature
(b) are the two main reasons affecting microstrain (¢) as shown
- @ x Mg contribution . . . ! L.
5.21020 4 @--—""¥-___ | in Table 1. The dopant ratio of x = 0.03 is the maximum limit
s e 9 N point for e-value and after that the e-values present a fluctuation
5.21015 e 4 with increment Mg amount in the structure. As seen in Table 1,
- s = the fluctuations in the strain values may reveal many physical
= 5.21010+ 1  defects and dislocations in the host lattice structure. Therefore,
dislocation density (§) describing the amount of defect in the
5.210051 J 1 sample was also studied. As shown in Table 1, the nanorod
T size exhibits the lowest value with maximum (x = 0.05) Mg
) concentration and §-value in that concentration is maximum
0.00 0.01 0.02 0.03 0.04 0.05 due to the inverse proportion expression between §- and
Concentration (x) 22)
47.74 " . . i , i D-values.
P I G The locality of the atoms and their displacements (u param-
’ T ——— B eters) were calculated and revealed an ignorable increase in
= 47.72 - b Cell volume variation | ZN1.xMg,O samples. The Zn-O bond lengths (L parameters) pre-
2 47.71 M - sented a small increment after the concentration rate of x = 0.02.
§ 47.70 ; 1 The increasing dopant rate in Mg elements in the pure ZnO
= J 1 structure might be the reason behind Zn-O bond length incre-
o 5 ments. The detailed calculations of ¢, §, D, u, and L parameters
47.68 1 1  were depicted in ref. [22].
47674 - The pure ZnO nanorods have been characterized by Scan-
47.66 i . . . . . n‘ing Electron Microscopy (SEM). Figure 3a,b shows the SEM
0.00 0.01 0.02 003 004 0.05 picture of ZnO nanorods. It can be seen from these figures that
Concentration (x) . . .
nanorods consist of microrods with almost perfect hexagonal
Figure 2. The concentration-dependent lattice parameters and the cellvol-  rogg5 section. The whole nanorods are surprisingly divided into

ume variations in Zn.,Mg,O samples.
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Figure 3. The SEM images a) at low magnification b) at high magnification, and the EDS results for ¢) pure ZnO and d) Zng g5 Mgo.050 nanorods.

100 - — -
80 -
P 60
&
v !
40 Znu 99Mgu mo
Zn, Mg, ,,0
Zn, Mg, ;0|
20 Zn, Mg, ,0 |
Zn,4;Mg, O
——Zn0

1 " 1 " 1 " 1 " 1 M 1

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 4. The reflectance spectra of the Zny.,Mg,O (x = 0.0, 0.01, 0.02, 0.03, 0.04, and 0.05) nanorods.

continuous size distributions. The sizes of larger and smaller  3.2. Optical Analysis

roads are quite different from each other as well. The geometric

dimensions of rods in one group are at least 5 times larger than  The reflectance spectra of Zn;.,Mg,O (x = 0.0, 0.01, 0.02, 0.03,
those of structures in the other group. All peaks belong to the  0.04, and 0.05) nanorods obtained by UV-VIS diffuse reflectance
Zn and O elemental contributions in Figure 3c. The atomic ratio  measurements in the range 300-700 nm wavelength is shown in
of each element was also defined for pure ZnO compositions as  Figure 4. It is seen that the reflectance intensities of the samples
seen in the insets of Figure 3c. are around 95 %.
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Figure 5. The plots of dR/dA as a function of wavelength A for the Zny.,Mg,O (x = 0.0, 0.01, 0.02, 0.03, 0.04, and 0.05) nanorods.

The optical band gap ( E,) was obtained by plugging the wave-
length values of the maximum peaks (Ama) into the following
equation:

= @

where h is the Planck’s constant and c¢ is the speed of light®’!
and its graph is obtained by plotting dR/dA versus A as shown in
Figure 5. The obtained Ey-values of Zn;.,Mg.O (x = 0.0, 0.01,
0.02, 0.03, 0.04, 0.05) nanorods are 3.199, 3.223, 3.226, 3.239,
3.245 and 3.247 eV, respectively. It is concluded from Figure 5
that the Eg-values increase with increasing amount of Mg ele-
ments in the structure.

3.3. Magnetic Analysis

The ESR spectra of ZngosMgposO nanorods were recorded by
using Bruker EMX X-band spectrometer (9.8 GHz) with about
20 mW microwave power and 100 kHz magnetic field modula-
tion at room temperature to identify and study the defects in Mg
doped ZnO nanorods. The static magnetic field was altered in
the range 0-16 000 G. The field derivative of microwave power
absorption (dW/dH1) was registered as a function of the applied
magnetic field.

These measurements showed that only a single strong peak
was observed in these ranges. Furthermore, the distances be-
tween the lines were similar. ESR spectrum is dominated by a
strong peak at around 3475 G as shown in Figure 6. ESR mea-
surements were performed and analyzed using g-factor and the
concentration dependence of the peak to peak line-widths AHy,
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which is defined as the width between points of maximum and
minimum of the first derivative of the ESR line. The g-value was
calculated, as 2.0148 by resonance equation (hv = gB H) and line-
widths AHy, were determined as 11.7 G from the experimental
spectra.

In ZnO materials, the ESR line with g = 1.96 (with the com-
ponents g, = 1.957and g, = 1.955) is usually observed, which
is understood as the result of conduction electrons at the sur-
face center of ZnO particles and donor centers in powder Arda
et al.’¥) Moreover, an ESR signal with g-value 1.995 showing
singly ionized oxygen vacancies and with g-values from 2.003 to
2.019 indicating singly ionized zinc vacancy both were observed
in Taylor!?®l and Galland.”?® In our calculations, itis found that the
g-value was greater than 2 which may be due to the Zn vacancy in
the structure and this indicated a ferromagnetic behavior of the
Zng9sMgj 05O nanorods.

4. Conclusion

We observed the structural, magnetic, and optical properties
of Mg-doped ZnO nanorods synthesized by the hydrothermal
method using varying x-values from 0.0 to 0.05 with 0.01 step in-
crement. XRD and Rietveld refinement analysis exhibited single
phase samples, so we conclude that hydrothermal method is one
of the convenient methods to obtain single phase for Zn;.,Mg,O
compositions.

Decrease and increase tendencies were observed in (a) and
(c) lattice parameters with increasing Mg contribution in the
structures. In the cell volume, an increase and saturation were
observed by doping more Mg elements to undoped ZnO. The
dopant ratio of x = 0.03 was the maximum limit point for e-value

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. ESR spectrum of Zng.9sMgp 05O at room temperature.

and after that the e-values presented a fluctuation with increment
Mg amount in the structure. A slight ignorable variation in u and
L parameters of Zn; ,Mg,O samples were observed. The grain
size of Zn,.,Mg,O compositions was observed between 29.26 and
35.51 nm by using the hydrothermal method. The optical band
gap energies of the samples revealed that the Eg-values increased
with increasing amount of Mg elements in the structure. The
optical transmittance of ZnMgO nanorods was determined over
95%. The values of optical band gap showed an increment from
3.199 to 3.247 eV for the concentration of Mg x = 0.0 - 0.05 with
an increment of 0.01. Finding the g-value greater than 2 can be
explained as the Zn vacancy in the structure and this indicates a
ferromagnetic behavior of the Zng9sMg 05O nanorods.
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