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Abstract

Proper correlation among the microstructural, optical and magnetic responses of Fe doped ZnO
nanoparticles have been established in this work. All the Fe doped ZnO nanoparticles (Zn, Fe,O: x =
0.00, 0.05, 0.10 and 0.15) were prepared using chemical co-precipitation route. Average crystallites
size of 18 nm to 28 nm was estimated using Scherrer’s formula. Compressive microstrain was
detected in pristine ZnO samples, which moved toward tensile regime upon introducing Fe ions of
different weight percentages. Mean crystallites size obtained from Scherrer’s formula was found in
almost exact match with the particle size estimated from HRTEM images. Nearly spherical ZnO
nanoparticles were seen in HRTEM images and negligible agglomeration among particles was also
observed. Direct optical band gaps were found in the range of 2.89 eV to 3.24 eV as estimated from
Tauc plots. A decent ferromagnetic signature in non-magnetic ZnO nanoparticles was also introduced

at room temperature with the doping of Fe ions.
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1. Introduction

In the last decade, crucial efforts have been dedicated to synthesize and characterize semiconductor
materials doped with transition metals. DMS materials show semiconducting as well as ferromagnetic
properties at room temperature [1-4]. Transition metal (TM) doped semiconductors device used in the
field of quantum computation, storage and communication devices and logic elements [5-8]. These
materials can be termed as dilute magnetic semiconductor since a small proportion of transition metal
can give drift to room temperature ferromagnetism. Theoretically, the presence of stable
ferromagnetism is predicted in wide band gap semiconducting material [8-10]. The presence of room
temperature ferromagnetism in ZnO attracted many researchers’ interests in this area. Most of the

results are questionable in nature and the magnetic ordering in wide band gap DMS are associated



with defects and impurity phases. In a few cases, the absence of magnetic ordering has also been
highlighted [11, 12]. Synthesis methods play a major role in defining the magnetic ordering. Among
these dilute magnetic semiconductor materials ZnO was observed as a potential candidate. ZnO is
chemically and thermally stable n-type semiconductor. TM doped ZnO is a promising candidate due
to its wide band gap (3.3 eV), large exciton binding energy around 60 meV and high carrier density
[12-14].

In past few decades, researchers have tried to introduce magnetic signature in various non-magnetic
metal oxide semiconductors [15-17]. Although partial doping of 3d transition metal ions as well as 4f
rare earth ions in non-magnetic nanosized ZnO showed a high possibility of observing magnetic
properties at room temperature [12, 16-18]. In the development of new generation non-toxic advanced
spintronics materials, transition metal (TM) ions doped ZnO has emerged as a promising candidate
from the class of oxide based diluted magnetic semiconductors. Zinc oxide has been become the first
choice of researchers due to its good piezoelectric effect, biomedical compatibilities and room
temperature ferromagnetism [12]. The past decade records the attention of researchers from different
fields on this material due its vast technical applications, such as in the field of chemical sensors, UV-
detectors, semiconductor lasers of short wavelength, non-linear varistors and in semiconducting-based
MEMS/NEMS technology [12, 14]. Further enhancement of electrical conductivity for pristine ZnO
can be done by doping with selected elements such as Ga [19, 20], Mn [17] and Al [21].

In this article, we have presented the synthesis and physical characterizations of ultrafine
homogeneous Fe ions doped ZnO nanoparticles. Chemical co-precipitation method has been utilized
to prepare all the samples. A decent magnetic signature in non-magnetic ZnO nanoparticles was also
recorded at room temperature due to doping of Fe ions. A proper correlation among the structural,

optical and magnetic responses of Fe doped ZnO nanoparticles has been established in this work.

2. Experimental method

2.1. Synthesis of nanoparticles

Fe doped ZnO nanoparticles with a generic formula Zn; Fe,O (x = 0.00, 0.05, 0.10 and 0.15) were
fabricated using standard chemical co-precipitation method [4, 22]. Raw chemicals ZnCl, and FeCl,
were used for synthesizing nanoparticles. All the reagents were purchased from Merck having a purity
level of 99.99% for ZnCl, and 98% for FeCl,. All the chemicals were used without any purification.
At first, all the glassware was washed with nitric acid, distilled water and acetone in that order to
ensure that no trace of impurity would contaminate the sample via the glassware. ZnCl, and FeCl,
were dissolved in 200 ml of distilled water in stoichiometric ratio. 500 mg PVP was added into the

solution which acts as a binding agent. The solution was kept on a magnetic stirrer and rotated with a



rate of 700 rpm for homogeneous mixing. Precipitating agent NaOH solution was mixed in the form
of droplets into the solution under continuous stirring. NaOH solution was added continuously with
the same rate until the pH of the solution reached 12 to ensure no elements remain unreacted. After
that, the precipitate was washed several times using distilled water and ethanol to reduce pH until 7.
The precipitate was dried in an open atmosphere and then ground into the fine powder [23]. All the
synthesized samples were indexed as Fe-00, Fe-05, Fe-10 and Fe-15. The prepared samples were kept

safely in separate containers and were used for all the characterizations.

2.2. Characterizations

Confirmation regarding phase-purity and generation of hexagonal wurtzite structure was verified by
diffraction profiles as obtained from Rigaku Ultima IV x-ray diffractometer with copper Ka line
(1.5406 A). Diffraction data were collected at room temperature in the range of 20° to 80° with a scan
rate of 2 degrees per minute. Both the microstructure and morphology of synthesized nanoparticles
were analyzed through high resolution transmission electron microscopy (HRTEM; JEOL, Japan).
Absorption spectra of all samples were recorded between 200 nm to 800 nm at 300 K using Thermo-
Scientific Evolution. Magnetic characterization of all Fe doped ZnO nanoparticles were carried out

with the help of vibrating sample magnetometer (Quantum Design, VSM) at room temperature.

3. Result and discussion

3.1. XRD pattern studies

Room temperature powder diffraction pattern of all synthesized Fe doped ZnO nanoparticles are
shown in figure 1. All the diffraction peaks were found to match exactly with JCPDS card no 89-
0511. Diffraction profiles exhibited all characteristics peaks of pristine ZnO and were indexed with
their Miller indices as (100), (002), (101), (102), (110) and (103) etc. The non-existence of any extra
peak other than pure ZnO confirmed the phase purity and formation of the hexagonal wurtzite
structure [2, 4]. Rietveld analysis of all the diffraction patterns was performed using the general
structure analysis system (GSAS) along with EXPGUI interface. The obtained values of cell
parameters and refinement parameters are displayed in table 1. All the diffracted peaks were shaped
using the pseudo-Voigt function (superposition of Lorentzian and Gaussian function). Estimated
values of reliability factors (Wg, and R;,) below 10% along with decent goodness of fit (%) verified a
good agreement between obtained and standard experimental results [24]. The observed broadening in
diffractograms ensured that the prepared samples were in the nano range. Ratio of lattice constants
(c/a) was found close to 1.6 for all the samples which also verified the formation of hexagonal

wurtzite structure as noticed in table 1.



Scherrer’s formula

The average crystallite size was calculated using Scherrer equation using full width at half maximum
(FWHM) as follows [4]

0942 1

D .
B, cosé

(D

where A is wavelength (1.5406 A) of Cu Ka line, D is the average particle size and S, represents the
FWHM value of (101) peak. The estimated values of average crystallite size were 18 nm, 22 nm, 26
nm and 28 nm for Fe-00, Fe-05, Fe-10 and Fe-15 respectively. The obtained values of average

crystallite size together with microstrain are given in table 2.

Williamson-Hall method

Determination of average crystallite size from Scherrer formula does not take into account the
contribution of intrinsic strain which develops in a nanocrystal due the presence of point defect,
stacking faults, grain boundaries, etc. Williamson-Hall (W-H) method is one the approaches which
has taken these contributions into account. Broadening of diffraction peaks is mainly due to three
primary reasons i.e. crystallite size effect, microstrain and instrumental effect [24, 25]. Elimination of
instrumental broadening was done by recording the diffraction pattern of bulk LaBs powder. After

removing the instrumental broadening, the total line width () takes the form as [25]
B = ﬁcrys + Bmicrostrain ()
3

B =Dc059+4€tan9

where 8 is full-width half maxima, K represents the geometrical factor (0.9 for spherical shaped
particles), A signifies wavelength of Cu K, line (= 1.5406 A), D corresponds to the mean crystallite
size, € addresses microstrain and 0 is the Bragg’s angle respectively. Rearranging the equation 3, we

get the known form as shown below [25]

0.92 (4)

6= 4esin 6
B cos Dc056+ €sin

Separation of size and microstrain effects from total line width of diffracted peaks was done by
plotting B cos@ as a function of 4sin 8 which is familiar as the Williamson-Hall (W-H) graph as
described in equation (4). The slope of this curve represents microstrain present inside the crystal and
crystallite size was calculated from intercept on 8 cos 8 axis [24, 25]. W-H plot of all the samples is
presented in figure 2. The average crystallite size was found in the range of 14 nm - 35 nm and
negative value of microstrain for pristine ZnO sample also showed its compressive nature [24]. The
estimated microstrain was gradually increased and becomes tensile in nature with increasing Fe

content as seen from table 2. This is due to the considerable mismatch in ionic radii of Zn** (0.60 A)



ions and Fe?* (0.63 A)ions. Determination of lattice parameter (a) is done using the following relation

[19]
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where d is the interplaner spacing and (hkl) denotes the Miller indices. Lattice parameter (a) was
found to slightly decrease from pure ZnO values with increasing Fe*" concentration. Calculated values
of c/a ratio are minutely different from the standard value (1.633) for hexagonal wurtzite structure
which confirmed the existence of structural deformation [26]. It is attributed to the nano-sized effect
of prepared samples. A seen from table 1, the mass density is also observed to decrease with
increasing Fe percentage in ZnO nanoparticles. It is due to the substitution of lighter Fe** ions in the

position of Zn>"ions.

Halder-Wagner Method

It is well known that the x-ray diffraction peaks are neither pure Gaussian or Lorentzian but rather a
convolution of both as the peak region of the pattern matches well with Gaussian function but the tail
region fails in matching and similar situation is observed in Lorentzian function in which matching is
good at the tail region but not in the peak region. Halder-Wagner method overcomes this problem as it
assumes peak broadening to be a symmetric Voigt function which is convolution of Gaussian and
lorentzian function [27]. The method gives more weightage to peaks present in the range of low and
intermediate angles where less overlapping of diffraction peaks takes place. Halder-Wagner method
describes the relationship between the crystallite size and lattice strain as [27, 28]

2
(ij KB e
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(x-axis) is a straight line whose slope provides
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average particle size and intercept provides the value of microstrain [28]. The H-W plot of all the
synthesized samples is shown in figure 3. The average crystallite sizes of all samples containing
nanoparticles were found within the range of 15 nm to 29 nm. The mean diameter of all nanoparticles
was increased with increasing Fe percentage in pure ZnO. The obtained values of crystallite size and
microstain are listed in table 2. The microstain for pristine ZnO nanoparticles was also found in
compressive character which was in perfect match with the value obtained from WH plot. The
microstrain also changed into tensile type in similar fashion with the increase of Fe concentration as

observed from WH plot.



3.2. HRTEM image analysis

HRTEM images of Fe-00 and Fe-10 samples are illustrated in figure 4(a) and 4(b) respectively. All
the nanoparticles were appeared to be nearly spherical in shape. Excellent homogeneity in both size
and shape was achieved as verified by HRTEM micrographs [2, 8]. An average particle size of 17+1
nm was obtained for the pristine ZnO (Fe-00) sample, which is a close match with XRD results. A
considerable agglomeration among the synthesized nanoparticles was observed which may be

attributed to the Van der Waal interactions [25].
3.3. UV-vis spectra studies

Room temperature absorption spectra of all Fe doped ZnO nanoparticles were collected within the
range of 200 nm to 800 nm using UV-Vis spectroscopy. Bulk ZnO consists of direct optical band gap
at higher energy (= 3.3 eV) [29]. The direct band gap of prepared samples can be obtained using Tauc

relationship as follows [24]

a(v) hv = B(hv — Eop)n (7

where a is an absorption coefficient, B represents an arbitrary constant, E,, corresponds to the optical
band gap and n denotes an index which attains values of % for direct bandgap and 2 for indirect band

gap semiconductor. The value of « is calculated using this general formula [23, 24]

I =1I,e and A =log (170) ®)
where ‘A’ is absorbance and ‘t’ indicates the thickness of materials. The absorption coefficient o

takes the form [24]
a = 2.303 (%) 9)

A graph between (ahv)® versus hv was plotted to obtain the direct optical band gap of all samples
which is well known as Tauc plot [23]. Figure 5 represents the Tauc plots of all Fe doped ZnO
samples. The estimated values of band gap for all Fe doped ZnO samples are collected in table 3. The
band gap was found to decrease with increasing Fe concentration in ZnO nanoparticles. Bulk ZnO
displayed direct optical band gap of 3.3 eV whereas our synthesized pristine ZnO nanoparticles
exhibit a band gap of 3.24 eV. All the materials displayed band edge absorption within the range of
385 nm to 430 nm. These materials can be used to absorb UV and violet bands of the electromagnetic

spectrum along with various optical applications.



3.4. Magnetic studies

Figure 6 depicts the magnetic hysteresis (M-H) curves registered at room temperature of all the
samples. Due to the absence of unpaired ‘d’ electrons, the pristine ZnO in bulk form exhibits
diamagnetic behavior [30]. In nanoscale, the existence of several defect states together with a certain
correlation among them induces weak ferromagnetism or paramagnetism in pure ZnO sample [12].
Defects driven weak ferromagnetism or paramagnetism in pure ZnO nanoparticles have been reported
in many articles [31-33]. Room temperature ferromagnetism in nanosized ZnO semiconductor can be
introduced by the doping with 3d transition metals like Mn, Fe, V, Co, Ni and Cr. Among of ‘3d’
transition metal ions, Fe ions exhibit comparatively high magnetic moment as well as ferromagnetic
character at room temperature [2, 5, 34]. Doping of Fe ions in pure ZnO nanoparticles should be
convenient for observing ferromagnetism at room temperature. Usually the magnetic moment of Fe*"
(5.4 pp) dopants inside the host ZnO semiconductor is localized. In case of dilute magnetic
semiconductors, the interactions between localized magnetic moment of Fe** (3d°) ions and host
semiconductor (ZnO) determine the magnetic behavior of the system. As noticed from figure 6, the
pristine ZnO nanoparticles displayed paramagnetic behavior at room temperature which is quite
obvious in nanosized ZnO sample. Observation of this type of behavior is attributed to the presence of
various defect states in the sample. With the increase of Fe ions concentration in nanosized ZnO,
weak ferromagnetic character became more prominent [2, 5]. An attentive observation of figure 6
disclosed that the hysteresis curves of all doped samples were unsaturated even in 30 kOe magnetic
field. The saturation magnetization (Ms) of all doped samples was estimated using M vs 1/H plot (as
1/H — 0, M — Mg). The estimated values of coercivity (Hc) and saturation magnetization (Mg) are
listed in table 4. Coercive field (Hc) together with saturation magnetization (Mg) was noticed to

increase in doped samples with respect to pristine ZnO sample.

In 3d transition metal magnetic (Fe’") ions doped pristine ZnO nanocrystals; p-d exchange
interactions are responsible for the emergence of weak ferromagnetic behavior at room temperature.
Both the bond length and bond angle between Zn”" ions/dopant cations and O> anions favor the p-d
hybridization in ZnO crystal system. In tetrahedral co-ordinated environment, the degenerate 3d
ground state of Fe ion splits in to t,, levels and e, levels due to presence of crystal field. The t,, levels
are energetically higher with respect to e, levels for tetrahedral co-ordinated sites. The crystal field
splitting energy of t,, and e, levels is relatively lower compared to the Coulomb interaction or pairing
energy in host ZnO matrix, which favors the high spin configuration. The valance band of host ZnO
(i.e. 3p levels of O ions) is energetically comparable with the 3d levels (t,, and e,) of Fe ions which
results in strong p-d hybridization. The p-d hybridization between incomplete 3d levels of transition
metals (Feions) and host valence band gives rise to magnetic interactions. Fe ions in ZnO matrix exist

in two different oxidation states i.e. Fe*” and Fe’ states. Due to the p-d hybridization between Fe ions



and valance band (2p levels of O* ions) of host ZnO, hopping of electron is possible. Therefore,
magnetic interactions are mediated by the hopping of electrons between Fe ions having oxidation
states differ by one unit. This mechanism leads to ferromagnetic coupling of Fe ions in the host ZnO
matrix [22, 35]. For this reason, the entire Fe ions doped ZnO samples showed weak ferromagnetism
at room temperature. Wurtzite ZnO naturally displays n-type semiconducting nature due to intrinsic
vacancies. Generally n-type ZnO nanoparticles are readily available and several intrinsic defects (Zn-
vacancies) also lead to arrival of high T ferromagnetism. Slow incorporation of magnetic cations (Fe
ions) in nanosized ZnO favored the sp-d or p-d hybridization and also resulted in weak
ferromagnetism at 300 K [10, 22]. The nanosized ZnO sample doped with 15% Fe ions showed
highest value of coercive field (101 Oe). All the Fe doped nanocrystalline ZnO samples exhibited

week ferromagnetic nature at room temperature as verified by hysteresis loops.

4. Conclusion

In brief, we have successfully fabricated diluted magnetic semiconductor Zn;Fe,O (x = 0.00, 0.05,
0.10 and 0.15) nanoparticles by using chemical co-precipitation technique. Generation of pure
hexagonal wurtzite crystal structure of all Fe doped ZnO nanoparticles were verified by x-ray
diffractograms. Mean crystallite sizes of all samples were calculated using Scherrer’s formula,
Williamson-Hall (W-H) plot and Halder-Wagner (H-W) Method. A correlation among these methods
was established. All these methods suggested that the synthesized ZnO nanoparticles were in
nanoregime with mean crystallite size below 35 nm. A compressive microstain was found for pristine
Zn0O sample and with increasing Fe ions content, the microstain became tensile in nature. This is due
to the considerable mismatch in ionic radii of Zn** (0.6 A) ions and Fe** (0.63 A)/Fe’" (0.645 A) ions.
Average particle diameter as estimated from HRTEM micrographs was observed in perfect harmony
with crystallite size. The optical band gap was decreased with increasing Fe concentration in ZnO
nanoparticles. All the synthesized materials showed band edge absorption within the range of 385 nm
to 430 nm which makes all the materials useful to block UV and violet bands of the electromagnetic
spectrum. Room temperature hysteresis loops of doped samples exhibited weak ferromagnetic
character. This observed ferromagnetism in Fe doped ZnO nanocrystals can be tuned and enhanced

with varying concentration below percolation limit.
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Sample Id | Fe-00 | Fe-05 | Fe-10 | Fe-15
Lattice parameters
Space group P63mc P63mc P63mc P63mc
Volume (A%) 47.64 47.76 47.79 47.78
p (g/cm’) 17.02 16.92 16.82 16.74
a=b(4) 3.250 3.250 3.249 3.248
c(A) 5.207 5.206 5.207 5.205
c/a 1.602 1.601 1.602 1.602
a = [ (degree) | 90 90 90 90
y(degree) 120 120 120 120
Refinement factors
Wrp (%) 7.78 6.27 6.17 5.07
R, (%) 5.97 7.05 7.47 6.69
x? 2.29 2.98 2.27 2.44
Table 1
Sample Id Crystallite Crystallite size | Crystallite size | Strain Strain
size (nm) (nm) (nm) (x107) (x 107)
using Scherrer | using WH plot | using HW plot | using WH plot | using HW Plot
formula
Fe-00 18 14 15 -0.68 -1.25
Fe-05 22 21 20 0.49 1.04
Fe-10 26 33 27 1.72 2.14
Fe-15 28 35 29 1.83 2.23
Table 2
Sample-1d Band gap (eV)
Fe-00 3.24
Fe-05 3.04
Fe-10 3.01
Fe-15 2.89
Table 3
Sample-Id Magnetic properties
Hc (Oe) M (emu/g)
Fe-00 12 0.03
Fe-05 81 0.21
Fe-10 96 0.39
Fe-15 101 0.54

Table 4
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Figure 1

Fitted XRD profiles of Zn1-xFexO (x = 0.00, 0.05,0.10 and 0.15) samples.
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Figure 2

Williamson-Hall (W-H) plots of all the samples.
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Figure 3

H-W plots of all the samples.



Figure 4

(a@): HRTEM image of Fe-00 sample. (b): HRTEM image of Fe-10 sample.



Fe-00

Fe-05

™
- T : . . .
L= 20 2.5 3.0 ] 3.5 0 20 2.5 3.0/ 3.5 4.0
(o] A
=~ |Fe-10 Fe-15
J
.'I‘I
/.
IJ’
%/ _‘ :
2.0 25 3.0 35 4.0
Figure 5

Tauc plot of all the samples.
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Figure 6

Room temperature M-H plots of all the samples.



