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Abstract

In this study, the structural and optical properties of Al and Mg doped zinc oxide
Zno.9sMo.020 (M= Al, Mg) prepared by solid state reaction method is investigated. X-
ray diffraction (XRD), Scanning Electron Microscopy (SEM), UV-Visible spectroscopy
(UV-Vis) and Fourier Transform Infrared (FTIR) spectroscopy were employed to study
the structural and optical properties. With XRD analysis, it was revealed that all the
samples are hexagonal wurtzite structure and exhibit no impurity phases. The
reflectance spectra was used to determine the optical band gap of the samples. And it
was found that undoped ZnO sample has an energy band gap of 3.16 eV which
increases with Al and Mg doping, probably driven by the decrease in the lattice
parameters. The structural bond vibrations of undoped and doped ZnO were analysed
by FTIR spectroscopy, and it was seen that the broad absorption band is at
approximately 550 cm™ for all the samples, which corresponds to the stretching
vibration of Zn—O bond.
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Katihal reaksiyon yontemi ile sentezlenen Al ve Mg katkili ZnO'
nun yapisal ve optik ozellikleri

Oz

Bu ¢alismada, katihal reaksiyon yontemi ile hazirlanan Al ve Mg katkili ¢inko oksidin
Zno.9sMo.020 (M = Al, Mg) yapisal ve optik ozellikleri incelenmistir. Yapisal ve optik
ozellikleri incelemek i¢in X-i1s1m1 kirmmimi (XRD), Taramali Elektron Mikroskobu (SEM),
UV-Goriiniir  spektroskopisi  (UV-Vis) ve Fourier Doéniigiimii Kizilétesi (FTIR)
spektroskopisi kullanmilmistir. XRD analizi ile tiim orneklerin altigen wurtzite yapida
oldugu ve hicbir safsizlik fazi olmadigi ortaya ¢ikmistir.  Yansima spektrumlari
orneklerin optik bant araligint belirlemek icin kullamilmistir. Katkisiz ZnO orneginin
3.16 eV enerji band araligina sahip oldugu ve Al ve Mg katkisi ile arttig1 gozlenmistir,
ki bu muhtemelen orgii parametrelerindeki diististen kaynaklanmaktadir. Katkisiz ve
katkil ZnO' nun yapisal bag titregsimleri FTIR spektroskopisi ile analiz edilmistir, ve
tiim ornekler icin Zn-O bagmin, gerilme titresimine karsilik gelen, genis sogrulma
bandimin yaklasik 550 cm™’ de oldugu gériilmiistiir.

Anahtar kelimeler: Yariletkenler, ZnO, XRD, UV-Goriiniir spektroskopisi, FTIR, SEM.

1. Introduction

Zinc oxide (ZnO) is an 11-VI semiconductor having a wide direct band gap energy (3.37
eV) at room temperature and a large exciton binding energy (60 meV). Due to its
features, ZnO is suitable for short-wavelength optoelectronic applications. Further,
because of its properties like low cost, non-toxicity, abundance in nature, and suitability
to doping, ZnO has wide device applications in different areas, such as ultraviolet light-
emitters, gas sensors, piezoelectric transducers and solar cells [1-7].

Many studies have been deployed to optimize the optical and structural properties of
ZnO materials, properties of ZnO, particularly a major challenge is incorporation of
doping ions into the ZnO lattice. Doping with proper elements, such as Al, Mn, Cd,
Mg, Ni, and Cr, is an effective method to improve and control the structural and optical
properties of ZnO nanoparticles. Additionally, doping with Group Il elements (Cd, Mg)
may change the value of the band gap and increase the intensity of UV emission [14-
18]. ZnO has high electrical resistivity, which is a disadvantage and can be reduced by
adding group Il ions (B**, AP*, Ga®*, and In®*). These ions improve ZnO optical and
electrical properties providing extra electrons. AI®* is the element mostly selected as
dopant due to its small ionic radius and low material cost. The substitution of Zn?*ions
with AIP* in ZnO lattice causes electrical conductivity to increase with the increase of
charge carriers [19-22].

The purpose of this study is to investigate the effects of Al and Mg doping on the
structural and optical properties of ZnO prepared by the solid state reaction method.
The effects of doping on structural and morphological properties were analyzed by X-
ray diffractometer (XRD), Fourier transform infrared spectroscopy (FTIR), Scanning
electron microscope (SEM) and the optical absorption studies were performed by UV—
Visible spectroscopy.
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2. Material and method

Samples of nominal compositions Zno.9sMo.020 (M= Al, Mg) were synthesized via solid
state reaction method. The stoichiometric amounts of starting powders ZnO, Al>Oz and
MgO were mixed and ground followed by calcination at 400 °C for 8 h. After cooling,
the resulting material was reground and pelletized. Finally, pellets of 10 mm diameter
were prepared using press and sintered at 500 °C for 12 h.

The crystalline structure of the samples was characterized by using XRD in 26 range of
20-80 degrees. The phase and crystal parameters of all samples were determined using
CuK., radiation (A= 1.5406 A). The major diffraction peaks for all the samples can be
indexed to the hexagonal wurtzite structure of ZnO crystal with reference to Joint
Committee on Powder Diffraction Standards (JCPDS) file No. 36-1451. The optical
properties of the samples were characterized by using ultraviolet-visible spectrometer
(UV-Vis). UV-Vis reflectance spectra of the samples were recorded in the wavelength
range of 300 to 800 nm. The band gap of undoped and doped ZnO was identified by
UV-Vis reflectance spectra recorded. The bonding between different atoms and
chemical properties of the particles was analysed by FTIR spectra. The FTIR spectrum
was gathered between the wavenumber of 400 and 4000 cm™. The surface morphology
and grain size of the samples were studied by employing SEM.

3. Results

XRD patterns of the undoped, Al doped and Mg doped ZnO samples are illustrated in
Figure 1. XRD peaks at angle 26 are 31.8°, 34.5°, 36.3°, 47.6°, 56.6°, 62.9°, 66.4°,
68.0°, 70.0°, 72.6° and 77.0° which are indexed as miller indices (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004) and (202) corresponding to ZnO,
respectively (space group p63mc, JCPDS no0.36-1451) indicating that the phase of the
samples are hexagonal wurtzite structure. As seen from XRD patterns, there are no
secondary phases with Mg and Al doping into ZnO crystal lattice and notable changes
are not detected in the XRD patterns.

XRD analysis enables studying the effects of Al and Mg ions on the crystallite size and
lattice parameters. The lattice parameters were calculated from the relationship of the
interplanar spacing of the {hkl} plane for the wurtzite structure and the lattice
parameters by the Miller indices hkl using the below relationship [23]:

__ 4 \/ﬁ
a==—VhRZ+ Ik +k (1)
A
C_ZsinB (2)

The following equation is used to calculate the volume of the unit cell for hexagonal
system [24]:

__ 3a?c

/4 = 0.866a’%c (3)
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The obtained values are listed in Table 1. The lattice parameters for undoped ZnO were
found to be a= 3.2502+0.0001 A, c=5.2027+0.0005 A and the volume is 47.60+0.0001
A3. The calculated lattice constants are in line with 36-1451 JCPDS standard data (a=
3.2498 A and c= 5.2066 A). The lattice parameters calculated from XRD data of
Zno.98Alo.020 powder are a= 3.2484 + 0.0008 A, c=5.2008+0.0020 A, and the volume is
47.53£0.0003 A® and ZnogsMgoo2O powder are a= 3.2479+ 0.0008 A and c=
5.1966+0.0023 A, and the volume is 47.47+0.0002 A3. The lattice parameters decrease
slightly with Al and Mg doping. AI** has a smaller ionic radius (0.54 A) than that of
Zn?* (0.74 A), and the substitution of Al into ZnO may be the reason for the decrease in
the lattice parameter. Mg?* ionic radius (0.72 A) is comparable to the Zn?* ionic radius
(0.74 A), thus the decrease may be due to the electronegativity difference between Zn
and Mg, inducing an effect of the interaction of Mg?* ions with O% ions. This leads to a
compression of the structure along the ¢ axis [25, 26].

The c/a ratio is 1.633 in a stoichiometric wurtzite structure [27]. The c/a ratio of
undoped, Al and Mg doped ZnO samples are 1.607, 1.601, 1.600, respectively. As
seen, c/a ratio of all samples is significantly smaller than ideal which might be linked to
the presence of oxygen vacancies Vo and extended defects.

Atomic packing fraction (APF) was determined by [28]:

2na

APF = Ao 4)

where a and c are the lattice parameters. The value of APF for all samples, which
decreases with doping indicating the increase of voids in the samples, is listed in Table
2. The APF of bulk hexagonal ZnO materials is about 74%, however in this study, the
APF of Zng9sMo.020 nanoparticles is nearly 75% in hexagonal structure, this can be
related to the substitutional effect of Al and Mg.

For hexagonal structure of ZnO, the Zn—O bond length L is calculated using the
following relations. The bond length L for Zn—O is given by:

L= \/a?2+ (%— u)?c? )

where a, ¢ are the lattice parameters and u is the positional parameter of the wurtzite
structure. u is a measure of the amount by which atom is displaced with respect to the
next along the c-axis. The parameter u in the wurtzite structure is given by [29,30]:

u = (% +0.25) (6)

The calculated Zn-O bond length (L) values are summarized in Table 1. Bond lengths
(L) were obtained as 1.9765 A, 1.9758 A and 1.9775 A in Al, Mg doped and undoped
ZnO samples, respectively. This trend is similar to the one in the lattice parameters and
also agrees with Zn-O bond length in the unit cell. The ionic radius of 0% is 1.21 A, the
ionic radius of the Zn?* is 0.74 A and thus, the length of the Zn-O bond is 1.95 A. The
calculated values in all samples are slightly higher than 1.95 A. This result reveals that
there are structural defects, especially oxygen vacancies [31]. The oxygen positional
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parameter (u) calculated for undoped ZnO, Al and Mg doped samples are 0.38009,
0.38004 and 0.38021, respectively.

The lattice parameters, unit cell volume, and the Zn-O bond length change with Al and
Mg doping, also depicted in Table 1. The crystal parameter value of doped samples, in
general, is smaller than the value of undoped ZnO. This shows that AI** or Mg?*, which
both have an ionic radius smaller than Zn?* ions, substitute into the ZnO lattice. When
AlI¥* or Mg?* ions fill Zn?* ion lattice, this causes crystal defects and charge imbalance
in ZnO structure.

The average crystallite size (D) is determined using the Scherrer’s formula (ignoring the
effect of strain):

D = (KX)/Bnxicosd (7

where D is crystallite size in nanometer, {3 is the full width of diffraction peak at half of
the maximum intensity (FWHM) in radians, K (= 0.9) is shape factor and A (= 0.154
nm) is the wavelength of CuKy radiation and 0 is the peak position for corresponding
hkl [32]. The calculated grain size of the samples is 38.12 nm, 36.00 and 39.14 nm for
undoped, Al and Mg doped ZnO, respectively and listed in Table 2. AIP* has a small
ionic radius and thus easily penetrates into ZnO crystal lattice and in turn, decreases the
average crystallite size. In contrast, Mg doping in ZnO results in an increase of the
crystallite size.

The average crystallite size and lattice strain are calculated by the Williamson—Hall
method. The two sources for the broadening of diffraction peaks, in this method, are
crystallite sizes and inhomogeneous strain. The crystallite size and strain induced
broadening are linked by the following relationship:

Brricost = (%'1) + (4¢&sinf) (8)

where B is the FWHM (rad), D is the crystallite size (nm), A is the X-ray wavelength
and ¢ is the strain induced on the particle [33-34]. Plots shown in Figure 2 are drawn
with 4sinf along the x-axis and PcosO along the y-axis. Selected high intense peaks
(100), (002), (101), (102), (110), (103) and (112) are used to determine the crystallite
size and strain in all samples. The crystallite size and strain due to lattice deformation
in the sample can be obtained from the inverse of the intercept at the y-axis and slope,
respectively. The obtained results show a positive slope, and this indicates the tensile
strain. The lattice strain and crystalline size of the samples are expected to have a
significant effect on the optical properties [35].

The crystallite size for undoped, Al and Mg doped ZnO samples are calculated as 62.46,
56.82 and 64.49 nm, respectively, and the microstrain are calculated as 0.00118,
0.00118 and 0.00114 units for undoped, Al and Mg doped ZnO samples, respectively.
The strain values calculated were found to decrease with Mg doping and increase with
Al doping, this can be interpreted as the incorporation of dopants in the ZnO lattice.
The decrease of strain may result in the increase of crystal size and reduction in the peak
broadening, while the increase of strain may result in the reduction of crystal size and
increase of peak broadening. The values are listed in Table 2. The crystallite size
estimated using W—H plots followed the same trend as observed in Debye Scherrer’s
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formula. The particle size reported using Scherrer’s Formula is smaller than the particle
size observed. The difference in crystallite size estimated from Scherrer relation and
that from WH plot calculation is mostly linked to the inclusion of strain in the samples
and their estimated strain values are reasonable.
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Figure 1. XRD patterns of undoped, Al and Mg doped ZnO samples.
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Figure 2. The Williamson-Hall analysis of (a) undoped, (b) Al and (c) Mg doped ZnO
samples.
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Figure 2. (Continued).

Table 1. Lattice parameters a and c, unit cell volume, lattice distortion c/a, positional
parameter (u) and Zn-O bond length (L) of undoped ZnO and Zno.9sMo.020 (M= Al,

Mg).
Lattice parameters (A) Volume Zn-0
Samples of . cla u bond
a(Ad) ¢ (A) unit cell Length
(A3) (L) (A)
ZnoO 3.2502(1) 52027(5) 47.60(1) 16007 0.38009 1.9775

ZnoosAloo2O  3.2484(8) 5.2008(20) 47.53(3) 1.6010 0.38004 1.9765
Zno.9sMgo.020  3.2479(8)  5.1966(23) 47.47(2) 1.6000 0.38021 1.9758
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Table 2. Calculated size of the particles, microstrain values and APF of undoped ZnO
and Zno.9geMo 020 (M= Al, Mg).

Samples Crystallite size (nm) Crystallite size (nm)

(Debye-Scherrer) (W-H plot) gnounit  APF

ZnO 38.12 62.46 0.00118 0.75502
ZnogsAloo2O  36.00 56.82 0.00118 0.75488
Zno.9sMgoo20  39.14 64.49 0.00114 0.75537

UV-Vis reflectance spectra of the samples as a function of the wavelength range from
300 to 800 nm are shown in Figure 3. The entrance of the dopants into ZnO lattice may
be associated with the decrease observed in the amount of reflectance. And a further
strong decrease that was seen in the reflectance spectra after 450 nm, is linked to the
optical transitions occurring in the optical band gap.

The optical band gap Eg of ZnO values were determined by the conversion of the
reflectance values to absorbance. The Kubelka—Munk equation is used to convert the
reflectance spectra to the equivalent of absorption spectra [36, 37]:

_ (-R?
T 2R

F(R) 9)
F(R) and R are the equivalent of the absorption coefficient and the reflectivity,
respectively.

The band gap energy of undoped and doped samples can be determined by using the
Tauc relation [38-40]:

ahv= B(hv—E " (10)

where o is the absorption coefficient (¢ = F(R)/t and t is the thickness of the sample),
hv is the incident photon energy (hv= 1240/wavelength), B is a constant which is
related to the effective masses associated with the bands and Egis the electronic energy
of the optical band gap. The photon energy is determined by h, the Planck’s constant
(6.626x103* Js) and v, the frequency= c/A, where ¢ is the velocity of light (2.998x108
m/s) and A is the wavelength of light. The value of n = 1/2, 3/2, 2 or 3 depending on the
nature of the electronic transition responsible for absorption, which is 1/2 for direct
band gap material and 2 for indirect band gap material. ZnO has a direct band gap, thus
in Equation, n = .

The curve of (ahv)? vs. hvfor ZnO was plotted, as shown in Figure 4. The optical
band gap Eg of all samples was determined from the intercept of the linear portion of
the curve (ahv)?toy = 0 and was found to be 3.16 eV, which is lower than the band
gap of bulk ZnO materials (3.37 eV). This suggests that the optical band gap of ZnO
semiconductor depends on the synthesis method used. The optical band gap increases
from 3.16 eV to 3.25 and to 3.21 eV for Al and Mg doped ZnO, respectively. These
results are listed in Table 3. The decrease in the crystallite size may be the cause of this
increase in the optical band gap of the samples.
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Figure 3. Reflectance spectra of undoped, Al and Mg doped ZnO samples.
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Figure 4. (ahv)? versus hv for undoped, Al and Mg doped ZnO samples.

Table 3. Variation of optical band gap of undoped ZnO and Znp.9sMo.020 (M= Al, Mg).

Samples Band gap (eV)
Zn0O 3.16
Zno.98Alo.020 3.25

Zno.9sMgo.020 3.21

The vibrational mode and chemical bonding of the samples were studied with FTIR
spectroscopy. All measurements were recorded in the wavenumber range 4000 to 400
cm™ and the results are shown in Figure 5. The strong vibrational mode which was
observed in all samples at 500-550 cm™, can be attributed to Zn—O stretching in the
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ZnO lattice. In Mg doped sample, the peak of the Zn—O band slightly shifts to a lower
wavenumber, whereas in Al doped sample, it shifts slightly to a higher wavenumber.
This shift may be associated with the change in the lattice parameters of ZnO. The
absorption bands related to CO. absorbed from the atmosphere were detected between
2150 cm™ and 1976 cm™. The band frequencies at around 2979, 2890 cm™* belong to
CHq> stretching vibration. Such bands are not considered as contamination in samples.
These vibrational bands present the existence of absorbed groups on the surface of
nanocrystals and hence may be disregarded. The peaks observed in the region 3650-
3750 cm™ corresponds to O-H stretching vibrations which indicates the existence of
water adsorbed on the surface of the samples [41-44]. Wide bands are at 703 cm™ for
Al doped sample, which attributes to the Al-O stretching vibration and does not exist in
the undoped sample.
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Figure 5. FTIR spectra of undoped ZnO and Zng.9sMo.020 (M= Al, Mg).

The surface morphology for undoped ZnO, Al and Mg doped ZnO samples was
investigated by SEM and displayed in Figure 6. The grains of the samples are
homogeneously distributed and hexagonal like grains were observed in all samples.
SEM images of the undoped sample reveal that grains are more closely packed and have
larger sizes when compared to the doped samples. The pores/voids between the grains
increase with doping, which may be attributed to the existence of defects due to
substitution. It is seen from SEM images that the grain size becomes smaller with Al
doping, and slightly larger with Mg doping when compared to the undoped sample.
These results are in good agreement with the particle sizes obtained from XRD.

59



BAUN Fen Bil. Enst. Dergisi, 23(1), 50-64, (2021)

Figure 6. SEM images of (a) undoped, (b) Al and (c) Mg doped ZnO samples.

4. Discussion and conclusion

In this work, Zno.9sMo.02O (M= Al, Mg) was synthesized by solid state reaction method.
The effects of doping on the structural and optical properties of undoped and doped
ZnO were studied by using XRD, UV-vis spectra, FTIR and SEM. All samples have a
hexagonal wurtzite structure without any impurity phases, as revealed by XRD patterns.
The reflectance decreases as a result of the incorporation of dopants into ZnO. The
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optical band gaps of all samples were determined from reflectance measurements. The
band gap is 3.16 eV for the undoped sample, and it increases to 3.25 and to 3.21 eV for
Al and Mg doped samples, respectively. Zn-O band shifts slightly towards to a lower
wavenumber with Mg doping and to a higher wavenumber with Al doping, as observed
from FTIR analysis. SEM images reveal that all samples have grains mainly in
hexagonal form. Also, it is shown that the grain size and grain distributions of the
samples change depending on the dopant content. Overall, the experimental results
conclude that the structural and optical characteristics such as crystal size, lattice
parameters, band gap may be modified with doping in ZnO system.
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