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Abstract

Zn,_Cd O (x=0, 0.001, 0.01, 0.1) nanoparticles were prepared using polyol technique. The prepared nanoparticles were
characterized using X-ray diffraction (XRD), Fourier transformed infrared (FTIR) spectroscopy, scanning electron microscope
(SEM), high resolution transmission electron microscope (HRTEM), ultraviolet—visible absorbance spectroscopy (Uv—Vis),
vibrating sample magnetometer (VSM) and electron spin resonance (ESR). XRD confirmed the purity of the prepared sam-
ples, where all the samples crystallized in single hexagonal wurtzite phase. The morphology of the nanoparticles is studied
using SEM and HRTEM techniques. The Uv—vis studies showed a marked red shift in the energy gap values of the prepared
samples with respect to the theoretical value. VSM measurements suggested that only Zn,, ,4Cd, ;;O exhibit room temperature
ferromagnetism, whereas, the other samples show diamagnetic behavior. ESR measurements spotlights on the presence of

different types of defects in the prepared samples.

Keywords Diluted magnetic semiconductors - Zn,_,Cd,O - Optical properties - Bound magnetic polaron - Electron spin

resonance

1 Introduction

Zinc oxide (ZnO) attracts the attention due to its promising
properties that allow it to be used in varieties of potential
applications as: room-temperature ferromagnetic, magneto-
optic, photocatalytic, antibacterial, piezoelectric, chemical-
sensing, doping-depended electrically conductive proper-
ties, photovoltaic cells, an emitter layer and antireflection
(AR) coating, the fabrication of potentially high efficiency
and low-cost solar cells [1-3]. Consequently, ZnO has wide
range of catalytic, electrical, optoelectronic, and photochem-
ical properties [4-7].

ZnO is considered as an active optical component
due to its potential use as a replacement of GaN for UV
light emission devices, light-emitting diodes, nanolasers,
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photo-detectors, and nanosensors [8]. The way is open to
ZnO to be used in the semiconductor industry and in opto-
electronic devices due to its abundance and being environ-
mentally friendly and its properties as the wide band-gap
(~3.37 eV) with a large exciton binding energy (~ 60 meV)
and biexciton binding energies (on the order of 25 meV ther-
mal energy) at room temperature making it attractive for
low-cost and high-efficiency LEDs and lasers near the UV
band, and it is more abundant in natural resources [2, 8—10].

A successful approach to decrease the band gap is dop-
ing ZnO with transition metals (TM), which expands the
spectral response to the visible region and leads to improve
the photocatalytic activity of ZnO [11, 12]. In the same time,
Zn0 is one of the diluted magnetic semiconductors (DMSs)
obtained by doping ZnO with a small amount of TM ions
[13]. Especially it is known that diluted magnetic semicon-
ductors (DMS) are materials in which transition metals or
rare earth ions are doped in the crystalline lattice, giving
rise to ferromagnetic properties in the doped semiconduc-
tor [14]. Since the most used semiconductors do not have
suitable magnetic properties, it is necessary to introduce the
ferromagnetism. The main way to obtain ferromagnetic sem-
iconductors is doping with transition metal (TM) ions (Fe,
Cr, V, Ni, Mn) in semiconducting hosts, such as TiO2, ZnS,
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and ZnO [14]. Subsequently, there are several reports that
claimed room temperature ferromagnetism (RTFM) in Mn,
Co, Ni and Fe doped ZnO. However, the origin and exchange
mechanism responsible for RTFM in these materials are still
controversial [15]. Today there is a consensus that the TM
doping is not a sufficient condition to achieve the RTFM, and
those point defects in the structure of such materials play an
important role to reach the desired magnetic properties [15].
From this point we have chosen a non-magnetic doping to
ZnO and studied its RTFM behavior.

To make this study it is important to choose a suitable
preparation method to control the achieved properties of the
prepared materials. So by controlling the particle sizes using
suitable preparation methods, the band gap and magnetic
properties can be engineered [16]. Especially it is known
that both doping and different preparation conditions yields
to various amount and types of vacancies in these materi-
als, which strongly affect the electrical, magnetic, and opti-
cal properties of ZnO. The hexagonal ZnO and cubic CdO
have very different crystal structure, and also, low thermo-
dynamic solubility, which make it difficult to obtain single
phase ZnO doped with high Cd content [17].

In the present work, Zn,_,Cd,O nanoparticles were suc-
cessfully prepared in a single hexagonal wurtzite phase using
a simple polyol method that has the advantage of simplicity,
purity, high yield, and low cost [18]. The structural, mor-
phological and optical properties were studied using X-ray
powder diffraction (XRD), Fourier transformed infrared
spectroscopy (FTIR), scanning electron microscope (SEM),
high resolution transmission electron microscope (HRTEM)
and ultraviolet visible (Uv—vis) spectroscopy measurements.
The change of the band gap energy with increasing cadmium
content was identified from Uv—vis spectroscopy. The mag-
netic properties were investigated using vibrating sample
magnetometer (VSM) and electron spin resonance (ESR).

2 Experimental
2.1 Materials and Methods

Nano Zn;_,Cd,O (x=0, 0.001, 0.01 and 0.1) powders were
prepared using zinc nitrate hexahydrate (Zn(NO;), 6H,0,
99% Merck, Germany; cadmium nitrate tetrahydrate
(Cd(NO;), 4H,0, 99% Merck, Germany); glycerol (C;HgOs,
99.5% Genchem, China). The solutions were prepared using
deionized water from a Millipore water purification system
and having a resistivity of 18.2 MQ.

Different prepared samples were prepared using a sim-
ple green route (polyol auto combustion method) that is
derived from (the sol-gel-auto combustion) method given
in [18]. ZnO was prepared by dissolving Zn(NO3), 6H,0 in
an appropriate amount of glycerol and 20 ml distilled water.
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While the doped samples in Zn;_,Cd,O (x=0.001, 0.001
and 0.1) were prepared by dissolving the stoichiometric ratio
of Zn(NO3),-6H,0 and Cd(NO;), 6H,O in the appropriate
amount of glycerol/distilled water as in the same case of
pure ZnO. Viscous gels are formed, and the complete dis-
solution of the added precursors was achieved by stirring on
a hot plate at 100 °C. The dissolved gels were kept on the
hot plate until a strong explosion of the different samples
occurred and very fine powders were obtained. The obtained
powders were calcined at 300 °C/4 h using a heating rate
of 10 °C/min and thermally treated at 500 °C/4 h using the
same used heating rate. Finally the thermally treated pow-
ders were ground for 30 min. A schematic diagram of dif-
ferent Zn,Cd,_,O step formation is shown in Fig. 1. The
chemical structure was started by a complexation between
the hydrolyzed salts in the glycerol solution and glycerol
to form metal glycerolate complex (when the sol is kept on
the hot plate). The complex of glycerolate breaks down to
Zn,_,Cd,O under the effect of thermal treatment. Very fine
powders are obtained after grinding using pestle and mortar.

2.2 Characterization

The structure of the prepared samples was studied at room
temperature using x-ray diffraction (XRD) analysis (Philips
X’Pert multipurpose diffractometer) with CuKa radiation
(with A=1.5418 A). The crystal structure was refined by the
Rietveld profile method using Rex software [19]. Fourier-
transform infrared (FTIR) spectroscopy (Nicolet iS10 FTIR
Spectrometer; Thermo Scientific) was carried out on the pre-
pared powders using the KBr disc technique, scanning was
carried out in the region of 400 to 2000 cm™!. Microstruc-
tural investigations of the different powders were carried
out using: scanning electron microscope (SEM, JSM-6510
LA; JEOL, Japan) in high vacuum mode using an accel-
erating voltage of 30 kV, working distance of 12 mm, and
magnification of X 5000 and high resolution transmission
electron microscope (HRTEM JEOL 2100, Japan) using an

OH HO.CH,
H-OLH
OH H.OCH,

Zn,Cd,

O-CH,
2 Zn, Cd; -OH
; 0-CH,

Fig.1 Schematic diagram showing the different Zn Cd;_ O step for-
mation up to get fine powders
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accelerating voltage of 200 kV and magnification X (25,000,
30,000 and 40,000). Prior to the analysis the prepared sam-
ples were dispersed in distilled water and ultrasonicated for
30 min using (Ultrasonic Branson 1510). Optical studies
were performed using ultraviolet—visible (UV-Vis) absorb-
ance spectroscopy (6850 UV-Vis spectrophotometer Jen-
way), using distilled water/conc HNO; solution as reference,
with the analysis at different wavelengths ranging from
360 to 1100 nm. Magnetic measurements on the synthe-
sized nanoparticles were carried out using vibrating sample
magnetometry (VSM, 9600-1 LDJ, USA) with a maximum
applied field of nearly 20 kG at room temperature to deter-
mine the saturation magnetization Ms and coercivity Hc.
Electron spin resonance (ESR) measurements were carried
out at frequency of t=9.71 GHz using a standard X-band
Bruker EMX spectrometer.

3 Results and Discussion

3.1 X-Ray Diffraction Analysis Measurements (XRD)
Figure 2 shows the XRD diffraction patterns of Zn,;_,Cd,O
nanoparticles. All the samples show a hexagonal wurtzite

structure with space group P6;mc no. 186. Using the Rex
software, the lattice parameters (a and c) and the average
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Fig.2 XRD patterns of Zn;_,Cd,O nanoparticles with different Cd
concentrations

particle size D were determined (Table 1). As illustrated in
Fig. 3, the lattice parameters show weak dependence on x.
Both a and c increase slightly by increasing the Cd content
(x). This increase of the lattice parameters is accompanied
with a decrease of the c/a ratio. In general, the values of 4,
¢ and c¢/a are within the expected values of single hexago-
nal phase of ZnO [20]. The ionic radius of Zn** and Cd>*
ions are 0.60 A and 0.78 A respectively [21]. Hence, the
increase of a and ¢ can be attributed to the differences in the
ionic radius of the two ions. The particle size of different
Zn,_,Cd,O nanoparticles is presented in Fig. 4 and Table 1.
For pure ZnO, the average particle size is amount to 72 nm.
D increases significantly with the initial doping with Cd and
reaches 111 nm. For x=0.01 and 0.1, D decreases continu-
ously to 46 and 28 nm, respectively.

In general, XRD peak broadening f is attributed to the
crystallite size and lattice strain, and therefore is expressed
as [22]:

Table 1 The lattice

A A -/
parameters a, ¢ and the ratio o ald) ¢ oa
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Fig.3 a The lattice parameter a, b The lattice parameter ¢ and ¢ The
ratio c/a for different Zn,_,Cd, O nanoparticles
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Fig.4 The particle size D calculated from the Rex fit and W-H plots
of different Zn,_,Cd,O nanoparticles
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where A is the XRD wavelength (CuK, radiation with
A=1.5418), k=0.9, D particle size and &€ microstrain. The
Williamson and Hall plot can be obtained from:

P cosd = %k + 4¢ sinf 2

The relation between fcosf and sinf for different
Zn,_,Cd,O nanoparticles is illustrated in Fig. 5. From the
linear fit of these graphs, the microstrain can be calculated
out of the slope and the particle size is obtained from the
interception of the line with y-axis (fcos6). The microstrain
is shown in Fig. 6a, whereas, € increased for all the doped
samples. Interestingly, the particle size calculated from the
W-H plot shows the same behavior of the particle size cal-
culated from the Rietveld method using the Rex software.
In this case, for ZnO, D=57 nm and by initial doping with
Cd it increases to D=101 nm and then decreases for fur-
ther increases of x=0.01 and 0.01 to D=67 and 70 nm,
respectively.
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Fig. 6 a Microstrain &, b Dislocation density values (3), ¢ Stress, d The bond length L of different Zn, _,Cd,O nanoparticles
The stress (o) was calculated using the relation: a2 1
= (52) +3 ®

c—cg 9

c=-453.6 x| —— | x10 3)
Co

where, ¢, is the lattice constant in the unstrained ZnO. The
stress decreases gradually by introducing Cd** ions to ZnO
unit cell. The negative sign of the values corresponds to
compressive stress values. The dislocation density (8) was
obtained as:

1

6=§

“

Figure 6b shows the values of d calculated from the parti-
cle size obtained from both Maud fitting and W-H plot. The
obtained low d values are indication of a good crystallinity
in Zn,_,Cd,O nanoparticles. The displacement of an atom
from its lattice site u can be calculated as:

In this case, the bond length L of Zn,;_,Cd,O nanopar-
ticles was calculated by:

L= \/<%2> + (0.5 — u)’c?

The values of u are almost constant as illustrated in
Table 2, whereas, the bond length L values are increas-
ing gradually by introducing Cd content. Logically, this
increase is related to the replacement of Zn>** ions with
Cd** ions which are characterized by bigger ionic radius.

(6)

Table 2 The particle size

x D (W-H) (nm) D (Rex) (nm) e (A) c §(Rex) OS(W-H) u L (nm)

(D) calculated from W-H 2 10 14 14

plot, microstrain (¢), the N/m”(107) m™(10™) m™(10™)

stress (), dislocation density 0 57 72 0.000955 —4.883  3.042E14 1.953E14 03798 1.9988

(8), displacement () and

bond length (L) for different 0.001 101 111 0.00157 —5.093 9.750E13 8.109E13 0.37984 1.9999

Zn,_,Cd,O nanoparticles 0.01 67 46 0.00133  —5.755 2.205E14 4.667E14 0.37986 2.0029
0.1 70 28 0.00221 - 6.267 2.037E14 1.237E15 0.37989 2.0052
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3.2 Fourier Transform Infrared Spectroscopy

FTIR spectra evolution of the prepared powders is shown
in Fig. 7. The analysis focuses on the region from 2000 to
400 cm™'. The present peak at 1729 cm™" is attributed to car-
bonyl (C=0) group [23]. This group appearance is referred
to the soaps, unreacted fats and oils as non-glycerol organic
materials that are present in glycerol [24]. As known these
materials are characterized by the presence of carboxylic
group. The peak at 1378 cm™! corresponds to the bending
vibration of C—H [23] due to the use of glycerol in the prepa-
ration method. The small peaks at 1508, 1470, 1384 cm™!
are due to C—H bending vibrations present in glycerol [23,
25]. C-O stretching vibrations are also found at 1180 cm™!
[23, 25]. The characteristic stretching vibration of Zn-O
bond is observed at 426 cm™!, Fig. 7. The shift in the vibra-
tion mode of Zn—O in the doped samples to 433, 430 and
428 cm™!, respectively as shown in Fig. 7, is due to the stress
acting on ZnO nanoparticles when incorporating Cd** ions
in crystal lattice of Zn—O [26]. The increase in the intensity
of Zn—O peak is related to the increase in the number of
Zn—0 bonds [27]. The high broadness observed in Zn—-O
peaks is related to the intense number of the defect present
in the samples as confirmed from ESR measurements.

Transmittance, (a. u)

Zn-0
2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber, cm-!

Fig.7 FTIR measurements of different Zn,_,Cd,O nanoparticles
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3.3 Scanning Electron Microscope (SEM)

Figure 8 shows the SEM images of the Zn,_,Cd,O ther-
mally treated at 500 °C/4 h. As shown in these figures,
very fine structure of tinny crystallites of few nm is
obtained and no marked variation in the microstructure
is observed with the addition of Cd** ions. The images
revealed the uniform distribution of the present particles
[28].

3.4 High Resolution Transmission Electron
Microscope (HRTEM)

A detailed investigation of the morphological properties of
the prepared materials is studied using HRTEM and given
in Fig. 9. Zn,_ Cd,O consisted of nanoparticle with different
shapes. Regular and irregular hexagonal, cylindrical nano-
particles and nanocubes, having a diameter in the range of
(37-80) nm, are observed, Fig. 9. The increase of Cd doping
percent shows a decrease in the regular hexagonal shape
nanoparticles with respect to the other shapes. The sample
7Zn 999Cd)) 9, O shows a marked increase in the particle size
with respect to ZnO. Further increase in the doping percent
show lower particle size values. The present nanoparticles
show coalescence along the surface planes having easy
directions with a lower surface free energy [29]. Wurtzite
ZnO has two polar planes [0001] and [0001] and two non-
polar planes [1010] and [110] [29]. Under normal conditions
the non-polar planes are exposed due to their lower surface
free energies [29]. With increasing the doping of Cd** ions,
the surface energies of the polar planes is decreased due to
the electrostatic interactions between positive and negative
ions in the solution [29]. Consequently different shapes are
formed and the degree of coalescence between the different
particles, which are exposed with polar planes, increased in
the doped samples.

3.5 Ultraviolet-Visible Absorbance Spectroscopy
(Uv-Vis)

The Uv-vis absorption spectra of ZnO thermally treated at
500 °C for 4 h are shown in Fig. 10a. The absorption edge
is observed at (450-490) nm. From the given curve; it is
observed that the prepared powders have high absorption
in the visible region up to 1100 nm.

The energy gap is determined from Tauc’s plot using
the relation:
n/2

ahy = A(hy — Eg) @)

where a is the absorption coefficient, h is Planck constant, pu
is incident light frequency, E, is band gap energy, and A is a
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Fig.8 SEM images of different Zn,_,Cd,O nanoparticles

constant. The value of n is dependent on the type of transi-
tion in the optical semiconductor [18, 30].

A red shift in the energy gap (2.75 eV) of the prepared
ZnO powder is obtained with respect to the theoretical value
(3.33-3.37) eV of the bulk ZnO as given from literature
[31], Fig. 10b. Both extrinsic and intrinsic factors are the key
parameters of the marked observed red shift in the energy
gap of the prepared ZnO.

Extrinsic factors are reflected from the high reactivity
of the used preparation method leading to the formation of
highly defective materials where new defects are introduced
into the prepared ZnO through the preparation method.
So the preparation method gives us a new observation for
understanding the properties of the studied materials. The
high explosion produced through the preparation method
involves the transport of thermal vibration at the interfaces
as thermal waves [32]. The resulting wave interference leads
to the formation of forbidden band gap which are common
in semiconductor materials [32]. The propagation of these
thermal waves into the studied materials leads to the forma-
tion of thermal phonons that reflect the reason of why pure
ZnO has a lower energy gap than that given in literature. The
produced phonons react with the other defects in ZnO that
is enriched by large number of defects at the grain bound-
ary regions.

The different phonons produced have properties as: pho-
non dispersion, group velocities, phonon relaxation times
and phonon scattering phase space that affect the thermal
conductivity as well as the energy gap of the ZnO [33].

Intrinsic factors are related to the type of different defects
present in ZnO. Where, the origin of visible absorption is
due to the different type of defects present in ZnO [21].
The known defects are: zinc interstitial (Zn;), zinc vacancy
(Vz,), oxygen interstitial (O;), oxygen vacancy (V), and
their antisites i.e. O sitting at the Zn regular site or vice
versa (O, or Zn,) or hydrogen impurities occurring during
the synthesis [34]. ZnO exhibit polar and non-polar crystal
faces, as described before, due to the anisotropy character
of the wurtzite crystal structure [34]. Each crystal face has
its individual defect structure leading to the difference in
the electronic and optical properties [34]. The interaction
of thermal phonons with the defect of each crystal face is
dependent on the crystal face [34]. This dependence leads
to the introduction of new energy levels in ZnO and give the
reason of the obtained red shift in the energy gap of ZnO.

For Cd doped samples, all the absorption curves show
a shift toward higher wavelength as given in Fig. 10b. The
optical band gap energy values are (2.2, 2.4 and 2.3 eV
for Zng 999Cdg 0010, Zng 99Cdg ;0 and Zn, ¢Cd, 0,
respectively).

@ Springer
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Fig.9 HRTEM images of different Zn,_,Cd O nanoparticles. a ZnO, b Zn 999Cd 4, O, € Zn( 99Cd, 4,0 and d Zn,, ,(Cd, ;O

The sample Zn ¢99Cd; ;O shows the highest red
shift when compared to the samples Zn 49Cd, ;O and
Zn, 4Cd, 0, Fig. 10b.

It is known that pure CdO is a n-type degenerate semi-
conductor with a simple cubic structure having a direct band
gap of 2.2-2.7 eV and two indirect band gaps of (1.18-1.2)
eV and (0.8-1.12) eV with high carrier mobility [35]. Nor-
mally its introduction in the wurtzite structure can tune the
optical and electronic properties of the studied materials by
introducing new energy levels. [30, 36]. The reduction of
energy gap can be done by varying the valence band, the
conduction band or both [37]. The impact of intrinsic defects
on the band structure may vary the band gap position and the
Fermi level and so affecting the energy gap value.

When, Cd?* ions substitute Zn>* ions into ZnO lattice,
the free electrons in the bottom of the conduction band
decrease and the number of vacancies increases, which
alter the Fermi level to a lower position of conduction band.

@ Springer

Thus, the excitation energy necessary for electrons transition
from valence band to the Fermi level in the conduction band
decreases [38].

Also we can deduce that by introducing Cd to ZnO a
decrease in the band gap was observed. Both ions have the
same outer electronic structure but the core structure of these
ions is different. The difference in the core structure leads
to the formation of electron trap levels (exciton levels) [14].
The exciton levels are formed just below the conduction
band and give a narrower energy band gap [14].

These different factors, explaining the red shift occur-
rence, are added to both extrinsic and intrinsic factors dis-
cussed above in pure ZnO and resulted in the given red shift
observed in the energy gap values. The variation of energy
gap values with the amount of Cd added is given in Fig. 10c.

As mentioned in the introduction section the particle
size and energy gap values differ according to the prepara-
tion methods. Table 3 show a comparison of the achieved
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Table 3 Comparison on the particle size and energy gap values on Zn,_,Cd,O and Zn,_,Cu,O prepared using different methods

Material Method of preparation x Thermal temperature Particle size (nm) Energy gap values (eV) Reference
Zn,;_,Cd, O Polyol method x=(0, 0.001, 0.01, 0.1) 500 °C/4 h 28-111 2.2-2.75 Present work
Zn,_,Cd O Auto-combustion x=(0,1,3,5) 500 °C/2 h 30-40 3.2-3.246 [39]
Zn;_,Cd O Co-precipitation x=(0, 0.03, 0.07) 1000 °C 28.2-34.5 2.5-3.1 [40]
Zn,;_,Cd, O Sonochemical method x=(0,0.15,0.3,0.6,1) - 2.5-5 3.375-3.508 [41]
Zn;_,Cu O Solid state reaction x=(0, 0.02) 600 °C/8 h 33-45 3.08-3.25 [42]

The ranges of particle size and energy gap values are independent on the order of x values

particle size and energy gap of Zn,_ Cd, O (in the present
work and other references) and Zn,;_ Cu,O according to
the used preparation method. The thermal temperature
for giving the studied phase differs according to the used
method. The lowest thermal temperature is given in our
work and [39]. Other methods need a high temperature
and/or a high time of processing. Despite that we have
higher values in particle size when compared to the other
samples; we have the lowest energy gap values in pure
and doped samples. This result confirms the preparation
of very high deficient materials having a wide response
in the visible region with respect to the other references.
As concluded the type and the amount of defects can be

tailored according to the preparation conditions as men-
tioned before.

3.6 Vibrating Sample Magnetometry
Measurements (VSM)

Vibrating sample magnetometry (VSM) technique was
used for the magnetic characterization of the synthesized
Zn,_,Cd,O nanoparticles. As shown in Fig. 11a, b except
for x=0.01, diamagnetic behavior was identified for the
undoped and doped ZnO nanoparticles. For x=0.01, both
ferromagnetic and diamagnetic character were observed.
In this case, the coercivity H,(0.01)=64.6 G. Figure 11c
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Fig. 11 a Hysteresis loops of Zn,_,Cd,O samples at room temperature. b Magnified hysteresis loops showing ferromagnetic behavior for
x=0.01. ¢ Fitting according to the BMP model for Zn, 4oCd, ;;O nanoparticles

Table 4 The fitting parameters

: x=0.01
of bound magnetic polarons
model for Zn, 49Cd, ;O N 7.3935E20
nanoparticles m 4.5345E-23
X, — 1.4293E-6
H, 64.564 G

illustrates the fitting of M(H) curve of x=0.01 using the
bound magnetic polarons model [43, 44]. The fitting
parameters of bound magnetic polarons model are listed in
Table 4. The number of bound magnetic polarons is almost
7% 10%°, whereas the diamagnetic contribution is amount to
X, =—1.43x107°.

3.7 Electron Spin Resonance Measurements (ESR)

ESR spectroscopy is used to investigate the presence of
the unpaired electrons in any material. Accordingly, it is
possible to characterize the magnetic properties developed
from the surface defects, impurity atoms or dopants, radi-
cals; organic or inorganic, oxygen vacancies etc. Although,
pure ZnO possesses non-magnetic behavior, however, ESR
peaks can be observed due to the presence of intrinsic
defects which are zinc and oxygen vacancies/interstitials
and some are extrinsic created by doping as expected before
from Uv—vis study. ZnO nanostructures have three different
charge states of oxygen vacancies; V,*, V> and neutral
oxygen vacancies (V*) [45, 46]. Only singly ionized oxygen
vacancies V" has paramagnetic nature and can be responsi-
ble for ESR signal. The g-factor can be calculated from the
resonance field as [18]:

o= ho
ﬂBHres

®)

where £ is the Planck constant, v is the applied micro-
wave frequency (9.71 GHz), ug is the Bohr magneton and
H,,, is the resonance magnetic field. The ESR spectra of
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Fig. 12 ESR spectra of Zn;_,Cd,O nanoparticles at room tempera-
ture, the g-factor values of the different lines are indicated

different Zn,_,Cd,O nanoparticles are shown in Figs. 12
and 13. For all the samples the ESR response is character-
ized with a strong signal near to the g-factor 2.01. In addi-
tion to this strong pronounced signal, five satellite signals
were observed as presented in Fig. 12. Only for x=0.1, the
signal at g=1.966 is significantly clear and has more inten-
sity than the signal at g=2.01. By fitting the ESR spec-
tra (Fig. 13), the ESR parameters of the main signals were
determined and shown in Fig. 14. The g-factor of the main
line is amount to 2.01016 for pure ZnO and then decreased
with the initial introduction of Cd** ions to the unit cell (g
(x=0.001)=2.00979), later the g-factor increased for higher
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Fig. 13 ESR spectra of Zn;_,Cd,O nanoparticles at room tempera-
ture. Red line represents Lorentzian fitting
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Fig. 14 a ESR parameters of different Zn,_,Cd,O nanoparticles. a
ESR intensity, b g-factor, ¢ ESR linewidth (AHpp)

Cd content, g=2.01023 and 2.01052 for x=0.01 and 0.1,
respectively. For these ESR lines, the linewidth is rang-
ing between 4.36 Oe and 4.89 Oe, whereas, it reaches its
maximum for x=0.01. The intensity of the main ESR line

is initially increased for x=0.001 and then decreased for
the higher x values. ESR lines with g-factor 2.01016, 2.058
and 2.158 can be associated with the chemisorbed oxygen
molecules in ZnO surface or the extrinsic properties leading
to phonon production. The values of the g-factor of these
lines are very close to the free electron g-factor (g =2.0023)
which suggest weak orbital magnetic moment [20]. On the
other hand, ESR lines with g-factor 1.966 and 1.921 can be
associated with the intrinsic singly ionized oxygen vacan-
cies in ZnO structures. For x=0.1, the line at g=1.966 has
a linewidth 5.8 Oe.

4 Conclusion

Zn,_,Cd 0O (x=0, 0.001, 0.01, 0.1) nanoparticles were suc-
cessfully synthesized using polyol technique. X-ray pow-
der diffraction confirmed the formation of single hexagonal
wurtzite phase for all the prepared samples. The average
particle size of all the samples except for x=0.001 are lower
than 80 nm. High resolution transmission electron micro-
scope images support XRD measurements and confirm that
7n 999Cd) o9; O has the largest D. Fourier transformed infra-
red spectroscopy spots a gradual shift of Zn—O vibration
mode by increasing Cd>* content. Scanning electron micro-
scope images show a uniform distribution of the nanoparti-
cles; this may suggest that Cd>* ions have a minor effect on
ZnO microstructure. Ultraviolet visible spectroscopy meas-
urements suggest marked red shift in the energy gap values
in comparison to the theoretical values. The band gap energy
is maximum for ZnO nanoparticles and decreases for Cd>*
ions doped samples. Only for Zn, ¢oCd, ;,;O0, M(H) curve
spots ferromagnetic behavior which can be well described by
bound magnetic polarons model. For the remaining samples,
diamagnetic behavior was observed. Electron spin resonance
measurements showed the signature of O and Zn vacancies.
The ESR spectra of all the samples show the signature of
the presence of crystal imperfections like defects which are
either extrinsic, intrinsic defects or chemisorbed oxygen
molecules.
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