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Abstract. Nano-crystalline Cdo.95—»Mng.05Al;O (z = 0, 0.02, 0.04, 0.06, 0.08, 0.10) semiconductors were
synthesized by sol-gel technique. These samples are characterized via X-ray diffraction (XRD), scanning
electron microscope (SEM) and Fourier-transform infrared spectroscopy (FTIR) methods. XRD analyses
show that the samples have pure rocksalt structure, which is typical for cadmium oxide (CdO). SEM
micrographs show that the Al,Mn-doped CdO nanoparticles are cubic with rocksalt structures. The presence
of bands at 499, 615 and 660 cm ™' observed in the FTIR spectrum correspond to the stretching of CdO. In
addition, the optical properties of nanoparticles were performed as experimentally and theoretically. The
optical band gaps of nanoparticles were measured between 1.87 and 2.34eV, while calculated as 1.19eV
for Mn-doped CdO nanoparticle and 2.13 eV for Mn,Al-doped CdO nanoparticle at lanl2dz and pm6 basis
sets. The optical studies showed that the Mn-doped reduces band gap, while Al-doped increases.

1 Introduction

Cadmium oxide (CdO) is an n-type semiconductor in
which the band gap of approximately is 2.5eV [1]. It is
thought that this structure of CdO provides many supe-
rior properties. The CdO films have been successfully used
for many applications, including phototransistors [2], gas
sensor [3], solar cells [4], liquid crystal displays, IR detec-
tors and antireflection coatings [5]. For this reason, it is
an important that this semiconductor is obtained in a
pure form. These thin films can be synthesized by different
methods such as sol-gel [6], spray pyrolysis [7].

The sol-gel method has many advantages because it is
simple to apply, easy to control, low costly and safely. It
is also easy to doping different elements. The CdO thin
films which are doped various elements such as Sn [§], In
[9] and Al [10] have already been studied. There are many
experimental and theoretical studies on CdO nanoparti-
cles in the literature, but the effect of Mn and Al doped
on optical and surface properties has not been found. In
this study, nano-crystalline Cdg.g5—,Mng 05A1,O (z =0,
0.02, 0.04, 0.06, 0.08, 0.10) semiconductors were synthe-
sized by sol-gel technique. Incorporation of Mn and Al into
the CdO structure was confirmed by energy-dispersive
X-ray, scanning electron microscope (SEM) and Fourier-
transform infrared spectroscopy (FTIR) analysis. The
samples were also annealed at 500 and 600 °C for improve-
ment of sample morphology properties. In addition, the
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optical band gaps of nanoparticles were determined from
absorption spectra, and theoretical optical properties were
performed using time-dependent density functional theory
(TDDFT) method and lanl2dz and pm6 basis sets.

On the other hand, both CdO and diluted magnetic
semiconductors play the key role for spintronic technology.
It is desirable to produce spintronic devices based on con-
trols of electron turns rather than electronic charges with
diluted magnetic semiconductors. Spintronic devices pro-
vide many advantages such as higher speed, lower power
consumption and functionality than traditional devices.
Al and Mn-doped CdO is a powder material in the class of
the dilute magnetic semiconductor commonly researched
today. In this research, Al and Mn-doped CdO powders
have been produced as diluted magnetic semiconductors
suitable for use in spintronic devices and investigated the
experimental and theoretical properties of these DMSs.

2 Experimental procedure

In the present work, nano-crystalline Cdg.g5_,Mng g5Al, O
(x = 0, 0.02, 0.04, 0.06, 0.08, 0.10) powder samples
were synthesized via sol-gel method. Cadmium acetate
dihydrate [Cd(CH5CO0O0)3-2H20], manganese nitrate
[MH(N03)2'6HQO], aluminum nitrate [Al(NOg)gGHQO]
and citric acid (CgHgO7) were used for powder pro-
ductions. The appropriate molar ratios of the chemicals
were separately dissolved in 100 ml of distilled water. The
aqueous solutions were then mixed by vigorous stirring
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for about 60min. The pH of the aqueous solutions was
continuously monitored and maintained at 7.0 by adding
an appropriate amount of liquid ammonia. The xero-
gel of the solution was attained by constant stirring
and evaporation at 200°C on a hot plate. The samples
annealed at 500 and 600°C were used in experimental
measurements. Structural and optical characterizations
of nano-crystalline Cdg g5—,Mng 05A1,O0 (z = 0, 0.02,
0.04, 0.06, 0.08, 0.10) powder samples were performed by
energy-dispersive X-ray [X-ray diffraction (XRD)], SEM
and UV—Vis spectra analysis.

3 Theoretical procedure

The x, y, z coordinates of the optimized structure of
the rocksalt Cds2O35 cluster were taken from reference
[11]. These optimized structural parameters have been
used in all calculations. The Cd3;MnOss cluster was
obtained by placing Mn atom instead of Cd atom, and
the instead of two Cd atoms, Mn and Al atoms were
combined to form the CdzgMnAlOss cluster. The lowest
singlet vertical excitation energies of each clusters and the
UV-Vis absorption spectra are then subsequently calcu-
lated using TDDFT/B3LYP method with lanl2dz basis
set and semi-empirical method with pm6 basis set on the
ground state geometries. The band gaps with Mn and Al
doped clusters are defined as the difference between the
calculated energies for the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital
(HOMO). All calculations were carried out using Gaussian
09 software packed [12]. All molecular structures and
HOMO-LUMO molecular orbitals were visualized with
GausView software [13].

4 Results and discussions

All samples were firstly characterized by XRD diffrac-
tion analysis. The XRD patterns of all samples were
measured before annealing procedure, but results indi-
cate the amorphous structure for all powders. After then,
the amorphous structure of these powders is altered by
annealing effect and the changes in the structure were
measured by X-ray analysis. Only the CdO phase is
present, which indicates either a total insertion of the
dopant ions into the CdO crystal lattice or a secondary
phase that is so small that it is unobservable in XRD
measurements. Figure 1 shows the XRD patterns of as-
synthesized Al-doped CdMnO samples, annealed at 500
and 600°C. The (111), (200), (220) and (311) reflections
are clearly seen and are very close to the reference pat-
terns for CdO [JCPDS: 05-0640]. All the patterns are
found to be in pure rocksalt structure and are not affected
by Al doping. Furthermore, the 20 values of the most
intense peak are not altered with the increase in the Al
concentration.

The SEM micrographs of synthesized nanoparticles of
Cdo.95—2Mng g5AL, O (z = 0, 0.02, 0.04, 0.06, 0.08, 0.10)
are shown in Figure 2. The SEM structures obtained are
similar to those reported by earlier workers [10,14] for Al-
doped CdO. These micrographs reveal the high crystalline
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Fig. 1. XRD spectra of (a) Cdo.91Mng.05Alp.040 (500°C),
(b) Cdo.91Mng.05Al0.040 (600°C), (c) Cdo.goMno.05Alo.060
(50000) and (d) Cdo,ggMno,o5Alvoﬁo (GOOOC).

in these samples, whereas some particles do not seem to
be monodisperse. The samples annealed at 600 °C showed
more homogeneous structure. The particles are observed
to be somewhat agglomerated in higher concentration
samples.

The other characterization method of CdO nanopar-
ticles is FTIR. FTIR analysis is an effective tools used
to identify the functional groups present in the studied
material. The FTIR spectra of Mn-doped CdO nanopar-
ticle were taken by using a Perkin Elmer Spectrum Two
FTIR spectrophotometer with 450-4000cm™!. Figure 3
shows the FTIR spectrum of Mn-doped CdO nanopar-
ticle. The band at 3000-3600cm~! as a broad band
corresponds to adsorbed water molecule [15]. The CH
stretching vibration was observed at 3013 and 2964 cm™!.
The bands at 1545 and 1388cm™' are associated with
stretching mode of CO and bending of CH group, respec-
tively. The band corresponding to C—-O—H bending plane
is observed at 933 cm~!. These vibration modes belong to
carboxylic acid. The characteristic bands in the range of
400-700 cm™! correspond to CdO vibration modes [16].
In the FTIR spectra, the characteristic vibration modes
of CdO nanoparticle were measured at 499, 615 and
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Fig. 2. SEM micrographs of Cdo.95Mng.050, Cdo.91Mno.05Al0.040 and Cdo.soMno.o5Alo.060 samples (a) annealed at 500°C
and (b) annealed at 600 °C.
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Fig. 3. FTIR spectra of Mn-doped CdO nanoparticle.

660 cm~!. These results indicate the formation of CdO The absorption coefficient for the Al,Mn-doped CdO
nanoparticles. powder samples, Cdg.g5-,Mng 05A1, 0 (z =0, 0.02, 0.04,
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0.06, 0.08, 0.10) can be used to estimate the type of transi-
tion and the optical band gap energy according to Tauc’s
relationship [17]

ahv = (A/hv)(hv — E,)"

where A is a proportionality constant, F, is the energy
band gap and r is a constant which depends on probability
of transition; » = 1/2 and 3/2 for direct transitions, r = 2
and 3 indirect transitions. The dependence of (ahr)'/™ on
photon energy hv was plotted for different values of . The
best fit was obtained for r = 1/2 and this result pointed
out that the transitions are direct allowed transitions.
Therefore, the direct band gaps of the Al,Mn-doped CdO
samples can be found by the extrapolated linear regres-
sion of the curve resulting from a plot of (ahv)? vs. photon
energy (hv), and displayed in Figure 4. The band gaps are
measured at 1.87eV for Cdg.g5Mng 950 sample, while the
Al—doped Cd0.95,IMn0_05A1mO (l’ = 0, 002, 004, 006,
0.08, 0.10) samples were observed at 2.25, 2.32, 2.07, 2.34
and 2.17eV, respectively. On the other hand, the exper-
imentally band gap of CdO is approximately 2.5eV in
the literature [1]. These results indicate that the optical
band gap of CdO is lowered by Mn-doped and increased
by Al-doped. The strong exchange interactions between
the s and p electrons of Al ions and the d electrons of the
host matrix cause some changes in the optical properties.
The d—s and d—p exchange interactions could give rise to
a negative and positive correction to the conduction and
the valance-band edges, caused band gap to expanded. At
the same time, it was found that aluminum added at dif-
ferent concentrations had no regular effect on the band
gap, that is, the band gap did not increase regularly with
the increase in Al-concentration.

In the theoretical calculations, the optimized struc-
ture and geometry parameters of the Cds2Ogzs cluster
taken from the reference [11] were used, and the average
bond distance between Cd and O atom was calculated at
2.348 A in this geometry. All of clusters contain 64 atoms
are shown in Figure 5a. In theoretical calculations for band
gaps of Al Mn-doped CdO clusters, Cd32032, Cd3;MnOs3s
and Cd3zoMnAlOgs2, the TDDFT/B3LYP/lanl2dz and
semi-empirical /pm6 levels were chosen for optical calcu-
lations, since the TDDFT/B3LYP method is the more
accurate method for calculating the optical properties
of these type metal oxides in the literature [11,18] and
the semi-empirical/pm6 method is considered to be the
closest to DFT method. The valance-electron configura-
tions for the elements of rocksalt CdO are Cd 4d'%5s?
and O 2s22p*. The band gap is calculated as theoreti-
cally from energy difference between HOMO and LUMO
[19]. Tt is useful to note that the calculations fall close
to experimental values, while we are not concerned with
replicating absolute band gap energies. The band gap
energies of Cd32032, Cd31 MnO35 and CdzgMnAlO3s clus-
ters were calculated with lanl2dz basis set as 1.71, 1.19
and 2.13eV, respectively, and performed with pm6 basis
set as 2.25, 2.40 and 3.52eV, respectively. The band
gap of CdO nano-crystal was observed as approximately
2.5eV [1], while the band gap energies of the Mn-doped
CdO and AlMn-doped CdO were measured as 1.87 and
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Fig. 4. The relation between (ahv)? and photon energy (hv)
of the Cdo.o5—Mno.05ALO (z = 0, 0.02, 0.04, 0.06, 0.08, 0.10).

2.07-2.34 eV, respectively. The measured band gaps were
generally observed higher than the calculated values. But,
as a result of the calculations, the optical band gap of
CdO is lowered by Mn-doped, and increased by Al-doped.
These results confirm the experimental study. In addi-
tion, the TDDFT/B3LYP/lanl2dz method calculations
give better results than semi-empirical/pm6 calculations
in doped CdO band gap calculations, while the semi-
empirical/pm6 method gave closer result for band gap of
undoped CdO as seen in Table 1.

As seen in Figure 5b, the HOMO and LUMO of
Cd32035 cluster are situated mostly O atoms. In the
Mn-doped CdO cluster, the electron density of HOMO
mainly localized over Mn, Cd and O atoms, while the
LUMO is situated Cd and O atoms. In addition to the
Cd3oMnAlOs;y cluster, the Al atom also provides an addi-
tive on HOMO and LUMO. To support the accuracy of
calculations and to further understand of the effect of Mn
and Al doped, the total density of states (DOS) were
calculated at pm6 level as seen in Figure 6. The DOS
calculations revealed the symmetry of the HOMO and
LUMO orbitals of Cd33032 cluster are T2 and Al, respec-
tively. In addition, calculation DOS plots in Figure 6 show
that neither valence nor conduction levels of the tube are
significantly changed after Mn and Al doped, so these
results also support experimental and other theoretical
calculations.

5 Conclusions

The Mn and Al,Mn-doped CdO samples were prepared
from by sol-gel method and characterized by using XRD,
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Fig. 5. (a) Molecular structure, (b) HOMO, LUMO and band gap of Cd32032, Cd31MnOs2 and CdsoMnAlOss clusters.
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Table 1. Experimental and theoretical band gaps of CdO, Mn-doped CdO and Mn,Al-doped CdO nanoparticles.

Nanoparticles Experimental (eV) lanl2dz (eV) pm6 (eV)
Cdo 2.50 [1] 1.71 2.46
Cd0,95Mn0‘05O 1.87 1.19 2.40
Cdo_ggMHo.osAlo,oQO 2.25 2.13 3.52

Cdo,gano.osAlo_ozlo 2.32
Cdo.g9Mng.o5Alo.06 O 2.07
Cd0,87M1’10.05A10_osO 2.34
Cdo.g5Mng.05Alo.100 2.17

SEM and FTIR techniques for the study of structural and
morphological properties, respectively. The optical prop-
erties were performed as experimentally and theoretically.
According to the results,

(i) Mn-doped CdO and Mn,Al-doped CdO samples were
synthesized as amorphous, and these samples turned
to crystalline from amorphous structure as a result
of annealing.

(ii) XRD patterns show the formation of pure rocksalt
structure for all samples.

(iii) The samples annealed at 600 °C showed more homo-
geneous structure.

(iv)

(v)

The presence of bands at 499, 615 and 660 cm™!
observed in the FTIR spectrum correspond to the
stretching of CdO.

The band gaps are measured at 1.87eV for
Cdg.95Mng 050 sample, while the Al-doped
Cd0,95,zMn0,05Ale (.’E = 07 0.027 0.047 0.067
0.08, 0.10) samples were observed between 2.07 and
2.34eV. The optical band gap of CdO is lowered by
Mn-doped, and increased by Al-doped.

The theoretical results from obtained TDDFT
and DOS calculations confirm the experimental
study.
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Cd3oMnAIlO3s clusters.
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