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Abstract: The crystalline structure characteristics, morphological (through SEM), and magnetic properties of ZnixFexO thin films
produced by the sol-gel spin coating process on glass substrates were examined to gain a better understanding of the effects of Fe
in ZnO (x=0.0, 0.05, 0.10, 0.15, and 0.20). X-ray diffraction (XRD) and energy dispersive analysis X-ray techniques are used to
explore the impact of Fe doping on the structural ZnO nanocrystalline films (EDAX). In order to investigate the XRD patterns of
Zn1xFexO, The XRD data demonstrated that Fe ions successfully replaced the Zn?* lattice positions after Zn?* replacement without
causing any appreciable structural change, and their crystallinity decreased with increasing Fe doping level. Additionally, the
XRD investigation supported the hexagonal wurtzite structure's purity. Calculations have been made for the lattice constants, cell
volume, atomic packing fraction, and surface density. ZnixFexO thin films' microstructural characteristics, crystallite size, and
lattice strain were computed. The changes in microstructural parameters were discussed in detail as a function of Fe concentration.
The Zn—0O bond lengths and bond angle of ZnixFexO were determined and have changed. Magnetization measurements using a
vibrating sample magnetometer revealed hysteresis loops in Fe-doped ZnO films and confirmed ferromagnetism at room

temperature.
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1. Introduction

Indium oxide (In;O3), tin oxide (SnO), and zinc oxide
(ZnO), whether pure or doped, have all been the subject of
extensive research recently for optoelectronic and spintronic
devices. ZnO has emerged as a leading metal oxide among all
of these. It is readily available, non-toxic, and reasonably
priced when compared to other materials. A binary
semiconductor is ZnO. (11-V1). [1-8]. The direct band gap of
ZnO, an n-type metal oxide semiconductor, fluctuates between
3.44 eV at low temperatures and 3.37 eV at room temperature,
with a significant exciton binding free energy (60 MeV) at
room temperature [9]. The crystal structure of ZnO is wurtzite
hexagonal [10]. The electrical conductivity of ZnO is
inherently defective due to its wide band gap, such as
interstitial zinc atoms and oxygen vacancies [11]. So far, many
different methods have been developed to fabricate ZnO
nanopowders and thin film studies [12]. In addition, various
methods such as sol-gel [13], co-precipitation method [14],
sputtering [15] chemical bath deposition [16], hydrothermal
[17], spray pyrolysis [18], thermal evaporation [19] and
microwave synthesis [20] were used. It has many applications
such as cathode ray tubes, light emitting diodes, laser diodes,
transparent electrodes for solar cells, surface acoustic wave
(SAW) devices, hydrogen storage, ceramics, catalysts,
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antibacterial activity, photoelectric switches, selective filters in
gas sensors [21], transparent thin film transistors, UV
detectors, and antifungal agents [22]. ZnO's electrical and
optical characteristics can be changed by adding impurities
using the right procedure [23]. Doping ZnO with iron is
intended to change ZnO's absorbance and other physical or
chemical characteristics [24]. Impurities have a significant
impact on the physical characteristics of ZnO, including
electrical conductivity, piezoelectricity, and defect structure
[25]. Several dopants such as Fe, Cr, Al, Cu, Co, Mn, Mg, S, P,
etc. can lead to increased surface area of ZnO-based powders.
Fe3*doped ZnO nanoparticles with lower crystallinity and high
surface area have been reported to have higher catalytic
activity and higher sensitivity than pure ZnO or Fe,Os3 [26].
The prospect of integrating intrinsic magnetic and electronic
functionality into a single material has spurred intense interest
in developing thin wide-bandgap semiconductor magnetometer
systems with room-temperature RT ferromagnetism [27]. In
our study, we used a low-cost sol-gel spin coating process to
deposit ZnyxFexO thin films on a glass substrate with fixed
thicknesses (200 nm) of x=0.0, 0.05, 0.10, 0.15, and 0.20.
Scanning Electron Microscopy (SEM) was used to examine the
morphology of the films, and a number of structural
parameters, including the lattice constant, cell volume, atomic
packing fraction, and surface density, were computed.
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Zn1xFexO thin films' microstructural characteristics, crystallite
size, and lattice strain were computed. The analysis indicates
that the Zni«FexO thin films were uniformly distributed with
smooth grain boundaries. It is possible to have a thorough
grasp of the numerous physical qualities that depend on surface
morphology and structural features for diverse applications by
comparing these parameters of all ZnO films with varied Fe
contents. Studies of the magnetic characteristics of thin Zn;.
xFexO films have also been described. It is possible to interpret
the change in magnetic characteristics in terms of
microstructural parameters.

2. Experimental

Thin film prepared by sol-gel spin coating technique. Zinc
acetate  dehydrate  (Zn(CH3CQO0)..2H,0), isopropanol
(CsH7OH) and monoethanolamine (C;H;NO) were used as
precursor, solvent, and solution stabilizer, respectively. Ferric
acetate hydrate (CH3COO),Fe.H20 is also used as a doping
element. A 0.5 M ZnO solution was prepared by dissolving
1.0975 g of zinc acetate in 10 ml of isopropanol and then
adding different amounts of different concentrations of the
doping element (iron acetate) to the solution. The doping
concentration of Fe in the ZnO solution was kept at 0%, 5%,
10%, 15% and 20%. Stir the solution vigorously for 60 min at
65 °C using a magnetic stirrer on a hot plate. Maintaining a 1:1
molar ratio of zinc acetate to monoethanolamine, the cloudy
solution became homogeneous and transparent by adding
monoethanolamine dropwise to the solution. The solution was
stirred for a further 1 hour and aged at room temperature for 24
hours. Glass microscope slides pre-cleaned with an ultrasonic
cleaner were used to develop doped ZnO thin films by sol-gel
technique. The deposition of the film was performed by a
conventional spin coater rotated at 2000 rpm .The prepared
samples were placed on a hot plate at150 °C for 10 min for
preheat treatment. Film thickness was raised to 200 nm by
repeating the process of spin coating and preheat treatment 8
times. The films were finally annealed at 500 °Cfor 2 h in a
conventional muffle furnace.

The structure and the phases of Zni«FexO thin films films
were investigated by X-ray diffraction pattern (XRD Philips
1710). In addition, the configurational characteristics and
elemental analysis of Zn, O and Fe are determined by the
energy dispersion of the X-ray (EDAX) interfaced with a
scanning electron microscope, SEM (JEOL JSM-6360LA,
Japan) operating an accelerating voltage of 30 kV. The virtual
error of the indicated elements unexceeds 2%. Using the
vibrating sample magnetometer model (VSM-9600M-1, USA),
studied the magnetic properties of the prepared films. The
measurements were conducted in a maximum applied field of
15 kOe at temperature equal to RT.

3. Results and discussion
3.1. Energy-dispersive analysis X-ray (EDAX) spectra

In order to explore the elemental makeup of the produced
samples and validate the successful doping and production of
ZnO NPs, energy dispersive X-ray investigations (EDAX)
were carried out. The spectra in Fig. 1 provide an energy
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dispersive X-ray study of Fe-doped ZnO semiconductor films
(a and b). The lack of contaminants in the spectrum is another
intriguing observation. Additional evidence of sample purity.
The sample treated with 10% Fe showed iron peaks along with
zinc and oxygen.

8 9 10
Energy (keV)

8 9 10
Energy (keV)

Fig. 1: Energy-dispersive analysis X-ray (EDAX) spectrum of
() ZnO, (b) ZnosFeo10 thin films

3.2. XRD analysis

Fig. 2 displays the X-ray diffraction patterns of pure ZnO
and Fe-doped ZnO thin films. The hexagonal wurtzite phase
formed in a polycrystalline phase, according to the XRD
patterns of the ZnO samples. The ZnO (100), (002), (101),
(102), (110), (103), and (112) planes are where the diffraction
peaks are directed. According to JCPDS data card #01-079-
0208, all peaks are consistent. ZnO was found to have a
preferential c-axis orientation along the (002) plane, which
made crystal development easier due to low internal stress, low
surface free energy, and high atomic density. Even so, the peak
positions for various Fe:ZnO dopant concentrations vary
slightly, suggesting that iron binds to ZnO without altering the
crystal structure [28,29]. The full-width at half-maximum
(FWHM) corresponding to these planes increases with the
increase of Fe-doping concentrations (0, 5, 10, 15 and 20 at. %,
respectively).

The intensities of the (100), (002) and (101) peaks
gradually decrease with increasing Fe doping concentration, as
shown in Fig. 2. The decay of the peak indicated that the
substitution of Fe3* ions by Zn?* ions inhibited the crystal
growth of ZnO. This is related to the Fe doping concentration
that affects the stress of ZnO films [30]. The shift of the peak
position to higher angles is evident, and the distance between
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the planes becomes shorter due to the strain within the ZnO
lattice. From the above results, it can be concluded that an
appropriate Fe doping concentration will reduce the crystal
quality of ZnO, and it is also confirmed that ZnO and Fe doped
ZnO are the most stable phases [31]. The peak shifts
correspond to the elongation of the compounds and the
substitution of Fe for some of the zinc cations in each
compound. Replacing iron in the lattice with zinc changes the
elongation, as shown by the peak shift [32]. It is observed that
an increase in the concentration of Fe by more than 15 % led to
forming another phase named spinel (Fe;O3).

Zu, FeO
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Xx=0.15

X =0.20 \
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Fig. 2. XRD patterns of Zni.xFexO films with different Fe
composition (x=0, 0.05, 0.10, 0.15 and 0.20 mol).

3.3. The lattice parameters

The lattice parameters ‘a’ and ‘c* of the wurtzite structure of
ZnO and Fe-doped ZnO films can be calculated using the plane
spacing equation [33].

- — + 1
dizzk{’ 3 2 2 ( )

1 4<h2+hk+k2> £?
C

a

Where a & c are the lattice parameters, d is the interplanar
distance and (hkl) are the Miller indices with the first-order
approximation (n = 1) for the (100) plane and using the Bragg
equation nA = 2dy,sinf The lattice parameter ‘a’ and ‘c’ is
obtained from the relations

A
" (V3sinbygp)

A

& c=-
sin Bgg2 (2)

a

The values of lattice parameters "a" and “c" are in good
agreement with the standard values for ZnO single crystals (a =
3.250 A and ¢ = 5.207 A), indicating the quality of the ZnO
thin films. The values of lattice parameters “a” and “c” are
lower than those of bulk doped films, which are strong
indicators of compressive stress in the films [34]. In Fig. 3, it
can be observed that the lattice parameters "a" and "c" decrease
with increasing iron content in ZnixFexO. The lattice
parameter c/a ratio is almost equal to 1.6 which indicates that
the shape of ZnO and Fe doped ZnO wurtzite structures is
reasonably perfect. The values of c/a listed in Table 1.
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Fig. 3. Lattice parameters "a" and "c" against Fe

concentration for Zni.xFexO thin films.

3.4. Atomic Packing Fraction (APF)

It defines as the fraction of volume in a crystal structure
that is occupied by constituent particles. It is a dimensionless
guantity and always less than unity. Atomic packing fraction
(APF) for hexagonal was calculated by using the formula [35].
Where a and ¢ are lattice parameters [36]. The results show
that the APF increases with the iron content, which may be due
to the increase of voids in the samples. The APF of the bulk
hexagonal ZnO material is about 75%, but in this study, the
APF of the Zn1xFexO film is greater than 75%, indicating that
the APF in the nanocrystals is slightly larger than that in the
bulk material. This is attributed to size effects in
nanocrystalline thin films. The APF increases with the Fe
content in the Zny«FexO films, indicating uniform substitution
of Fe ions in the zinc sites of the ZnO structure [37]. The
atomic packing fractions (APFs) of the Zni.x FexO films are
listed in Table 2.

Table 1: Morphological parameters of Zni.«FexO thin films

Conc. cla V (A)? € £

X (%)
0 1.60243 47.60652 0.07722 0.05811
5 1.60229 47.58885 0.07712 0.05792
10 1.60207 47.55144 0.07689 0.05754
15 1.60192 47.52416 0.07671 0.05728
20 1.60185 47.51966 0.07669 0.05722

3.5. Volume of unit cell and X-ray density

The volume of unit cell was calculated using the equation [38]
V= gazc (6)

where a & c are lattice parameters. It is found that the unit
cell volume decreases with increasing iron content, which can
be attributed to the decrease of the unit cell volume values
shown in Table 1. This suggests that iron ions have moved to
available zinc sites in the structure.

The number of unit cells in the particle is calculated from
the equation [39].
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The X-ray density of ZnO sample was calculated by using the
formula [40].

nm

P=qNy (8)
Where, p is X-ray density, n is the number of atoms per unit
cell, M is the molecular weight of the sample Na is Avogadro’s
number and V is the volume of unit cell. The X-ray density
higher with increasing Fe content of Zn;xFexO nanoparticles.
This may be due to a decrease in unit cell volume and a
decrease in sample molecular weight. The molecular weight of
Fe ions (55.845 amu) is smaller than that of Zn ions (65.38
amu). As the Fe content increases, the volume of the unit cell
decreases and the X-ray density increases. This means that Fe
ions enter the Zn sites in the ZnO structure [41].

3.6. Specific surface area

It is a property of solids defined as the total surface area of
a material per unit of mass and can be used to determine the
type and properties of a material. The values obtained for
specific area depend on the method of measurement. The
specific surface area can be calculated from particle size given
by [42].

6x 108
S=—>— 5 (9)

The specific surface area decreases with iron incorporated

as shown in Table 2.

Table 2: Dislocation density 6, X-ray density p, packing factor
P and surface energy S respectively for
Zn1xFex0 thin films.

Conc.x | &x10* p P % S
% (nm)2 (g/cmd) (cm?/g)
0 18 5.68 75.46 44.76
5 20 5.68 75.467 47.28
10 26 5.68 75.477 53.62
15 45 5.69 75.485 70.76
20 81 5.69 75.487 95.08
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Fig 4. From this study, dislocation density (8) and lattice strain
of estimated samples are calculated by using following
equation:

_1 (11)
=73

The dislocation density of any material provides the quality of
films and its defect structure of the material. The dislocation
density usually is defined as the number of dislocations per
unit length or per unit area of desired samples. In the present
study, incorporation of Fe doping in The ZnO matrix, the
dislocation density gradually increases which indicates its
defect structure. Strain towards c-axis and towards a- axis can
be calculated from the formula ec =((c—c-) /c-)x100% and &q
=((a—a-) /a°)x100%. The & and “e, &~ data are tabulated in
Table 2 and 1 respectively.

The lattice strain (g) can be calculated from Stoke and
Wilson Eq. [43].

BStrain

€= 4tanf (12)
Where, K is the shape factor, which is a constant taken as 0.94
)\ is the wavelength of the X-ray radiation (A=1.5416 A), 0 is
the Bragg’s angle in degree and £ is the full width at the half
maximum (FWHM) of the prepared films. The £ can be
corrected form the following relationship

B = \/ngs - :Bsztd (13)

Where 5,3 -1s the integral peak profile width of sample, and
s+ is the peak profile width of standard (silicon).

é

Fig. 4 displays the average crystallite size and lattice strain
of the pure ZnO and Fe/ZnO films. While the lattice strain rises
with increasing Fe inclusion, the crystallite size decreases. Due
to the fact that the ionic radius of Fe (Fe3*: 0.645 ) is somewhat
less than the ionic radius of Zn (Zn?*: 0.60 ) for the same
coordination number, both the trend of D and may be attributed
to the change in the lattice size with Fe substitution by Zn
(four-fold coordination). The observed decrease of D and
increases in lattice strain can be attributed to the combined
effects of (i) lattice distortion of the host ZnO crystal because
of the substitution of smaller ionic-sized iron atoms sitting in
the ZnO lattice [44] and (ii) hindering of the crystal growth due
to the formation of a thin layer of Fe—O-Zn on the surface of
the doped samples due to the presence of excessive iron ions in

3.7. Crystal size and lattice strain

The average crystalite size D of the prepared films has been
calculated using a well-known Debye—Scherer’s formula [38]

k2

b= Bcrystaliite €06 (10)
The average particle size of Fe-doped ZnO sample was
decreased with increasing in the weight content of Fe dopant
due to the distortion of ZnO host lattice caused by the addition
of Fe ions which can lead to reduce the nucleation and grain
growth rates of Fe doped ZnO nanoparticles. Reduction of
average crystallize size indicates merging from good
crystallinity. The calculated crystallite size values shown in
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the precipitation solution [45].
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Fig. 4: Crystallite size and lattice strain Zn,.«Fe,O films as

a function of Fe content.
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3.8. Bond length and bond angle

Different atoms all combine and form stable compounds.
Bonds are formed to achieve this bonding. lonic or
electrovalent bonds, covalent bonds, and coordinate bonds are
among the several types of bonding. This in turn shows that
each bond is linked to a certain asset. The bond length is the
separation between the nuclei of two bound atoms when they
are in equilibrium. The bond length decreases as the attraction
between the bound atoms increases. However, the bond length
increases with increasing atomic size. A complex molecule's or
ion's core atom is the subject of two orbitals that contain a pair
of bonding electrons, and the angle between them is referred to
as the bond angle.

[o004]

The Zn-0 bond length L is given by [46]

_ (2 2 (1 2

—\/(?+C (E—u)> (14)
where a and c are lattice parametes, u is the positional
parameter in the wurtzite structure and measures the amount

which each atom gets displaced with respect to the next [47].
and u is given by

a2 1
u= E + Z (15)

The Zn-0 bond length calculated according to this study is
from 1.9758 A t01.9763A. whereas the reported Zn—-O bond
length in the unit cell of ZnO and neighboring atoms is 1.9767
A [48]. There is a good agreement of the calculated & actual
bond length which supports the results of present study. The
value of bond length is given in Table 3.

In additional, there are three types of second-nearest
neighbors, which designated as b; (one along the direction), b,
(six of them) and b'3 (three of them) with the bond lengths,
shown in Fig. 5 are calculated as [49]

by = c(1—u) (16)

b, = y/a% + (uc)? (17)
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bv _ 4q2
374 3

1 2

+ (5 —u) ¢? (18)

As the Fe doping concentration increases, the distance of the
second-nearest neighbors also decreases. This is due to the
increased occupancy of the dopant. The variation of the
second-nearest neighbor as a function of Fe doping
concentration is Table 3. It is interesting to note that both
distances b, and by are equal for Wurtzite geometry. The bond
angles are given by,

a= g + cos™! [1 +3 (2) (—u + %)2]_1 (19 B =

2 2171
2sin~t E +4 (2) (—u + %) ] (20)
The calculated bond angles are coinciding with the standard
value ( @= f = 109.47). The ratio between « and f is one for
the ideal case. But the ratio is 0.98 for the Fe doped ZnO
nanoparticles irrespective of the Fe doping concentration. All
the evaluated values are presented in Table 3.

Table 3: The values of Positional parameter, bond length and
bond angle for undoped and Fe doped ZnO.

' ' ' a() ©)
Con u b (&) b, b, b, B
c. X ) ) A
%
0 [ 03798 | 1977 | 3229 | 3.803 | 3.803 | 108.4 | 1104
141 586 134 | 761 761 474 | 754
5 103798 | 1977 | 3228 | 3.803 | 3.803 | 1084 | 110.4
362 344 | 436 | 371 371 427 | 798
10 | 03798 | 1.976 | 3227 | 3.802 | 3.802 | 1084 | 1104

726 83 1 506 506 351 871
15 0.3798 1976 | 3.226 | 3.801 3.801 108.4 110.4

969 455 155 867 867 3 92
20 0.3799 1976 | 3.225 3.801 3.801 108.4 110.4

071 394 916 784 784 279 941

3.9. Scanning Electron Microscopy (SEM)

It has been found from Fig. 6 that the average grain size
reduces due to Fe-doping which may support the reduction of
intensity along (002) planes. The surface morphology and
particle size of pure and doped (Fe) ZnO nanoparticles were
analyzed by using SEM. The entire SEM pictures clearly
shows the samples consists of mostly spherical shaped and the
average size of the nanoparticles is of the order of nanometer
size. The SEM images exhibit particle size of Fe-doped ZnO
powder which are in the range 33, 28, 24, 19 and 15 nm.
Another lucid visualization from the SEM images indicates
increasing the Fe-doping percentage causes a gradual decrease
in average grain size. The Fe-doped ZnO samples were
composed of spherical nanoparticles with agglomeration
increasing of particles due to the decrease of surface energy of
nanoparticles. In our present study, increasing doping
percentages cause a decrease in interstitial Zinc due to the
dopant’s concentration. Therefore, the grain growth of ZnO
was inhibited due to the decreasing of diffusivity.
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Fig. 6: SEM micrographs of ZnixFexO thin films with (x=0,
0.05, 0.10, 0.15 and 0.20 mol.).
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3.10. Magnetic characterization

To better understand the magnetic behavior of these Fe-
doped ZnO nanoparticles with different concentrations (0%,
5%, 10%, 15% and 20%), magnetization against field-
dependent curves were measured at 300 K. Fig. 7 exhibits pure
ZnO diamagnetic performance, whereas Fe/ZnO nano-particles
reveal RTFM and magnetization rises with increasing Fe
content. There was no indication of saturation in every of the
considered samples. Based on the XRD and SEM results, a
possible clarification for the origin of RTFM in Fe-doped ZnO
nanoparticles can be originate. These results indicate that Fe3*
ions occupy Zn?* sites within the lattice of the wurtzite ZnO
crystal structure.

0.15

Zn,Fe, 0
0.10 - x= 0,00
x=0.05
——x=010
=015
§ °%1 x=020
g 0.00
=]
L)
=
-0.05
-0.10
a"’ L] T L) L
=15000 =10000 =5000 o 5000 10000 15000

Fig. 7. Room temperature Magnetic hysteresis loops for
Zny.xFex0 (0.0<x<0.20) thin films.

It can be seen that the M-H plot of all Fe-doped ZnO
nanoparticles show the formation of hysteresis loops, which
means that the room-temperature ferromagnetic behavior with
small coercive field and low remanence exhibits soft
ferromagnetism. Several groups have reported that iron-doped
ZnO nanoparticles are ferromagnetic at and/or above room
temperature [50, 51] . It has been proposed that the change in
magnetization in Fe-doped ZnO is due to the shortening of the
average distance between Fe ions with increasing Fe content
[52, 53]. Therefore, the weak magnetization observed at low Fe
levels in this work can be attributed to the larger distance
between Fe ions, which weakens the ferromagnetic

interaction.

However, by increasing the iron content, the ferromagnetic
interaction becomes stronger (shorter iron ion spacing), thereby
increasing the magnetization. The magnetic moment of the
materials increases with the increasing Fe doping concentration
for all the samples except with high concentration 20%. This is
attributed to the upgrowth of a binary phase that reduces the
magnetism of this concentration. This phase is the spinel that
appeared in the XRD spectra. There is no doubt that this phase
is (Fe20O3) a ferrite material that obstructs the magnetic field
and reduces the magnetism of the material as shown in Fig. 7.
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4. Conclusions

In order to explore the behaviour of ZnO based thin films
as a function of Fe concentration, different compositions of
dilute semiconductor Zni.«<FexO thin films were produced onto
glass substrates using sol-gel dip-coating process. The XRD
results showed that the Fe ions successfully occupied the Zn?*
lattice positions without significantly altering the structure that
was impacted by the Zn?* substitution. The quality of the ZnO
thin films is shown by the computed values of the lattice
parameters "a" and "c," which are in good agreement with the
standard values for ZnO single crystals (a = 3.250 and ¢ =
5.207 ). With increased Fe inclusion, the crystallite size shrinks
(from 24 to 11 nm), yet the lattice strain grows (from 0.0052 to
0.0085). Both trend of D and ¢ may attribute to that the ionic
radius of Fe (Fe3*: 0.69 A) is slightly smaller the ionic radius
of Zn (Zn%*: 0.74 A) for the same coordination number (four-
fold coordination). The second-nearest neighbor distances were
calculated for Fe doping ZnO nanoparticles for the first time.
Magnetic tests at RT revealed ferromagnetism in all Fe-doped
ZnO sheets till 15 %. It is possible to attribute the
ferromagnetic behaviour seen in the ZnO lattice to the
substitution of Fe ions by Zn ions. These findings indicate that
the Fe-doped ZnO film can be recommended for optoelectronic
and spintronic device applications
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