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Structural, optical and magnetic characteristics of iron doped zinc oxide thin films
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Zn;Fe,O films with x =0, 5, 10, 15 and 20 at.% were prepared under high vacuum by
the electron beam gun evaporation. The impact of Fe doping concentration on the films'
structural, optical and magnetic characteristics has been taken into account. The patterns of
XRD for all films at various Fe concentrations showed wurtzite-type structures. The
results show that the size of nano-films reduces from 24 nm (0%) to 11 nm (0.20%) with
elevating Fe content, which is owing to the difference between the ionic radii of Zn and
Fe. Peaks associated with the elements to be seen were visible in the XPS spectra of
undoped and 10% Fe-doped ZnO nanoparticles produced by the precipitation process: zinc
(Zn), iron (Fe), and oxygen (O). The optical constants (n, k) of the Zn, (Fe,O films were
obtained by the SE measurements by an ellipsometric model, allowing for the verification
of the Fe*" ions in Fe-doped ZnO. With the addition of Fe, the energy band gap decreased
from 3.44 eV to 3.28 eV. M-H measurements revealed room-temperature ferromagnetism
in Fe-doped ZnO thin film. As the Fe concentration rises, the magnetization increases until
it reaches a concentration of 15%, at which point it starts to decrease. This decrease in
magnetization was attributable to the spinel phase, which was seen in the XRD spectra.
These findings imply that Fe-doped ZnO is a highly suggested material for the creation of
spintronic and optoelectronic devices.
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1. Introduction

Due to the fact that DMSs provide electron spin in addition to charge in electronic devices,
their use has significantly increased during the past few years. At ambient temperature, the broad
band gap of ZnO, an n-type semiconductor, is 3.37 eV. (RT). It is abundant in nature, inexpensive,
and non-toxic to living things. The material's optical, physical, chemical, and electrical
characteristics are also good [1]. They serve as an integral component in transparent electrodes,
transducers, solar cells, and gas sensors [2]. ZnO attracts growing interest from researchers in the
field of spintronic applications due to its several beneficial features by doping with suitable
transition metals [3]. The cations of non-magnetic semiconductors are changed to transition metal
(TM) ions or rare earth ions to create materials known as diluted magnetic semiconductors (DMS)
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[4]. Due to its potential use in spintronic devices that take advantage of the spin and electronic
charge of magnetic materials, the ferromagnetism found in strain gauges has drawn intense
attention [2]. Additionally, tuning of optical and ferromagnetic characteristics can result from the
doping of transition metals in wide-bandgap semiconductors [5-8]. A critical need for strain
gauges for spintronic devices is intrinsic ferromagnetism with a high Curie temperature [9, 10]. In
order to create TM metal-doped wide-bandgap semiconductors with room temperature
ferromagnetism, labour is being put into it (RTFM). The second phase of magnetic collections or
in spintronic applications necessitate a Curie temperature (higher than Curie temperature) and
intrinsic ferromagnetism (FM), which generates transition metal-doped ZnO. Since RTFM-based
applications as well as Mn, Fe, and Co doped ZnO have been found in numerous ZnO systems
[11]. Results for ferromagnetism in transition metal-doped ZnO have been reported, however they
are often contradictory. For example, Liu et al. [12] detected RTFM and believed it to be an
inherent property of Fe-doped ZnO. Additionally, it has been found that transition metals have
little impact on the magnetic of Mn- and Fe-doped ZnO films [13]. By correctly changing the
stoichiometry ratio of the Fe dopant, we can reduce the energy gap of the ZnO semiconductor
material and produce a new material with properties that differ from their complementary
counterpart. Interest in nano-sized Fe doped ZnO nanoparticles has increased significantly in this
field. Wei et al. also discovered ferromagnetism in Fe-doped ZnO and associated to the second
phase at high doping concentration [14] when they created Fe-doped ZnO nanostructures using
chemical roots and attributed their formation to zinc vacancies (Zni) [15]. Despite multiple
findings in the literature, there remains disagreement over the cause of the ferromagnetism seen in
transition metal-doped ZnO strain gauges at ambient temperature. According to some hypotheses,
adding these TMs will significantly alter the luminous and magnetic properties of ZnO
nanoparticles. However, the mechanism underlying room temperature ferromagnetism (RTFM) in
Fe doped ZnO is still not fully understood, and the relationship between magnetic and optical
properties is not entirely evident as a result of conflicting findings in the literature. These
incongruent results suggest that RTFM in (DMS) may be particularly sensitive to preparation
methods. In order to explore the micro-structural characteristics, morphology, optical (through
spectroscopic ellipsometry) and magnetic properties, this article will produce high-quality nano
films of Zn,,Fe,O (x= 0, 0.05, 0.10, 0.15 and 0.20). Using the change in nano-structural
parameters to explain the change in optical and magnetic characteristics of the films.

2. Experimental details

To produce Zn,_Fe,O powders with the necessary doping percentage (x = 0, 0.05, 0.10,
0.15, and 0.20), dissolve Zn (NO3)2.6H20 and an appropriate amount of Fe (NO3)2.6H20
(Sigma-Aldrich Co., USA) in 50 mL of distil water. Deionized water was used to dissolve the zinc
and ferric nitrates, and the resulting solution was agitated for an additional hour. Drop by drop,
NH4O0H solution was added to the prepared solution until the pH reached 9. The mixture was
agitated for three hours at room temperature before filtering. The precipitate was dried at 100°C
for five hours. The powdered dry precipitates were used as beginnings for creating films.
Zn;Fe,O thin films (x = 0, 0.05, 0.10, 0.15, and 0.20) were deposited in an Edward 306Auto
deposition equipment using an electron beam gun during high vacuum (see Figure I). Clean the
Corning #1022 glass substrate that has been placed with care. Fill the graphite boat with mass
Zn;_Fe,O before beginning the evaporation process and set the vacuum system to a pressure of
around 9 10-7 mbar. In order to increase film adhesion, the substrate temperature was held at 150
°C, and the deposition was entirely controlled by an evaporation rate of 2 nm/min. ZnlxFexO
films were evaluated for phase pass using a Philips X-ray diffractometer (model X'pert) using Cu-
K, radiation (A = 1.54 A). The XRD data were collected in step-scan mode at the diffraction
angles. Pure silicon was used to calibrate the device (99.9999). The fundamental makeup of the
films was examined using an energy dispersive X-ray spectrometer (EDXS) and a SEM (JOEL
XL) running at 30 kV power. To assess the band structure's property, spectroscopy and (XPS)
photoelectron spectroscopy were used. Using spectroscopic ellipsometry data (y, A) and a three-
layer model system, optical constants are extracted. We used a vibrating sample magnetometer
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(VSM-9600M-1, USA) to conduct field-dependent magnetization (M-H) experiments in magnetic
fields up to room temperature to investigate the magnetism of Zn;_Fe,O (x = 0, 0.05, 0.10, 0.15,
and 0.20).

3. Results and discussion

3.1. Elemental composition analysis

Chemical Compositions analysis of undoped ZnO and Fe doped ZnO nanoparticles were
investigated by (EDXS). Fig. 1. displayed the EDXS spectra for pure ZnO and Zng goFe, 100 nano-
films which indicates that all the samples are consists of Zn, O or Fe, confirming that the
incorporated of Fe into the samples. The EDXS analysis revealed that the nano-films with our
selected ratios are nearly stoichiometric.

10
Energy (keV)

Fig. 1. Energy-dispersive analysis X-ray (EDAX) spectrum of (a) ZnO, (b) ZnyoFey 0 thin films.

3.2. Microstructural characterization

Figure 2 (a) describes the X-ray diffraction of the Zn; Fe,O (x= 0, 0.05, 0.10, 0.15, and
0.20) films. According to the cryptography code # 00-900-4178, all films of Zn;Fe,O have a
single hexagonal ZnO phase and space group P63mc. It was noted that no contamination, such as
Fe cluster, FeO, Fe304, or Fe203, was found at the Fe doping concentrations of 5 at.% to 15
at.%, indicating that the amount of iron is less than the solubility limits. However, we cannot
completely rule out the potential of secondary amorphous phase improvement clusters or
precipitates that are too small to be picked up by XRD observations. Due to the difference in ionic
radii between Fe and Zn, the incorporation of dopant ions into the basic cell of the powders results
in the exitance of the tensile strain in the host (Zn). To further explain, Fe*" and Fe’", two stable
forms of Fe, have ionic radii of 0.78 A and 0.68 A, respectively. Zn®" ionic radius is 0.74 A,
nevertheless. Due to the difference in ionic radius between Fe and Zn ions, when Zn®" is
substituted by Fe*" or Fe’* ions, the lattice of ZnO is deformed. Because Fe’” has a smaller ionic
radius (0.68 A) than Zn2+ (0.74 A) in this study, the film has undergone tensile strain. Because of
the strain in the ZnO lattice, the distance between the planes gets shorter, which causes the peaks
to move toward higher 2values as shown in Fig. 2. (b). However, a different phase known as spinel
was formed when the concentration of Fe increased by more than 15%. The amount of iron that
was not totally soluble during the formation of this phase may also be referred to. Since the
intensity is proportional to the atomic number of the components, the XRD peaks' intensity
continuously decreases as the Fe concentration rises (Z). As a result, the intensity of the peaks
decreases when Zn (Z=30) is substituted by Fe (Z=26), which has a lower Z value.
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Fig. 2. (a) XRD patterns of Zn;_.Fe.O thin films (b) diffraction angle versus Fe content.

Then, the lattice constants (a, ¢) have been computed. The obtained lattice parameters are
plotted in Fig. 3. The lattice parameters ‘a’ and ‘c’ of the wurtzite structure of Fe-doped ZnO and
ZnO films can be recorded utilizing the plane spacing equation [16, 17]:
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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
nAd = 2dpesinf The lattice parameter ‘a’ and ‘c’ is obtained from the relations
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The lattice parameters "a" and "c" have values that are in great agreement with the typical
values for ZnO single crystals (a = 3.250 A and ¢ = 5.207 A), demonstrating the exceptional
quality of the ZnO thin films. The values "a" and "c" of the lattice parameters are smaller in the
compressed films than in the bulk doped films [18]. As the iron content increases, the lattice
parameters "a" and "c" in Zn;Fe,O films decrease, as shown in Fig. 3. The ZnO and Fe doped
ZnO wurtzite structures have almost perfect shape, as seen by the lattice parameter's c/a ratio.
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Fig. 3. Lattice parameters "a" and "c" against Fe concentration for Zn; . Fe.O thin films.
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It is feasible to eliminate the instrumental broadening input by obtaining a diffraction
pattern from the line broadening of a typical material and applying the following Eq. [19]:

ﬁhkl (20) = \/(ﬁhkl)zneasured - (ﬁhkl)?tandard (3)

Here By is the (FWHM) collected of crystallite-size broadening, f. and lattice-strain
broadening, Si:

kA
D cos6,

Brii = Bc + Bs = + 4&(sinb,) )
where £ is shape factor (= 0.9), D is crystallite size, and A is wavelength of the CuK, radiation and
¢ 1s the lattice strain.

The films' crystallite size was recorded by utilizing the well-known Debye —Scherrer’s
formula [19, 20]

kA

vz Bhki cos(6) )
where / is the wavelength (1.54 A)
The lattice strain (¢) parameter is calculated using the following relation [19, 20]
__B
€= 4tan6 (6)

Fig. 4 shows the values of the microstructural parameters D, and ¢ for Zn; Fe O films
with varied Fe concentrations. It is obvious that the crystallite size decreases with increasing Fe
content, going from 24 nm (x=0) to 11 nm (x=0.20), while the lattice strain increases. It was
discovered that only the preparation circumstances and structural disorder had a significant impact
on the fluctuation in crystallite size [21]. The examined samples were prepared under nearly
consistent preparation conditions, hence the decrease in crystal size is due to the substitution of Zn
ions for Fe ions.
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Fig. 4. Crystallite size and lattice strain Zn,; Fe,O films as a function of Fe content.

3.3. X-Ray photoelectron spectroscopy (XPS) studies

XPS is used to evaluate the chemical makeup of the elements present in equipped samples.
All prepared films underwent an overview analysis. Overview spectra of undoped and 10% Fe-
doped ZnO nanoparticles produced using the electron beam cannon approach are shown in Fig. 5
(a and b) at energies between 0 and 1200 eV. These data show maxima for the elements zinc (Zn),
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iron (Fe), and oxygen (O). The O 1s area's asymmetric XPS spectrum shows the presence of
multiple oxygen species. Multiple oxygen coordinates in the specimens may be to blame for the
wide dispersion of the peaks. O ions occupying tetrahedral positions and being encircled by Zn
atoms with wurtzite structures are attributed to the peak at the lower binding energy, which is 529
eV. The higher binding energy peak, which is approximately at 531 eV, is caused by the oxygen
vacancy defect. It is evident that the satellite peaks and Fe 2p3/2 and Fe 2p1/2 peaks of the film
have been identified. The 10% Fe-doped nano-films' Fe 2p3/2 and Fe 2p1/2 peaks, which have a
peak spacing of 14 eV, can be observed in the figure to occur at 710 eV and 724 eV, respectively.
The coupling of spin-orbit between the Fe atoms is the source of the variation in binding energy.
The Zn 2p peak's binding energy was seen. The binding energies of the Zn 2p3/2 and 2p1/2 peaks
for 10% Fe-doped ZnO are 1022 ¢V and 1045 eV, respectively. This proves that all films contain
zinc in the Zn2+ state [22].
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Fig. 5. XPS spectra for (a) pure ZnO and (b) Zng gF ey 190 films.

3.4. Spectroscopic ellipsometry and optical constants

By using spectroscopic ellipsometry SE, the refractive index, n, and absorption index, k,
of the Zn,_.Fe,O (0.0 x 0.2) films have been determined.

In these films, the SE obtaining parameters y and A are associated to the microstructure
and optical properties through the following relation [22, 23]:

r
p=-L2=tany exp(iA) (6)
rS

where 7, and r,, are the Fresnel’s coefficients of reflection for the films.
Fig. 6 (a, b) are the SE, y and 4 developed at an incident angle 70° on Zn,_.Fe,O films.
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Fig. 6. The experimental ellipsometry data for parameters (a) Psi (y) and (b) Delta (4) for Zn; Fe.O
thin films

A three-layer optical model was used to determine 7, k and film thickness d: upper (rough)
layer/ "B-spline" absorbing Zn, Fe,O layer/ substrate. The B-spline layer is partially transparent in
this slide. Using least squares regression and a root mean square (RMS) function (o), spectral
changes in y and 4 were closely fitted [24]:

1 N W.mOd _l/jgxp 2 Amod —A?XP 2
Z 1 1 + 1 1 (7)

G:
2N_M = O_exp exp

w,i o-A,i

A Dbetter fit with the acquired (experimental) data (symbols) over the whole spectrum
range is illustrated by the simulated spectral dependence of and for Zn,_Fe,O films in Fig. 7 (a, b).
All films' thicknesses have been calculated to be 160 2.72 nm, and roughness layer is 6.18+ 0.13
nm, ref. [25] provides additional information on SE performance and its conceptual optical B-
spline model.
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Fig. 7. The ellipsometric measured data (black and blue symbols) and the model fit (red line) for
parameters Psi (y) and Delta (A) for (a)ZnO and (b) ZnygFe, ;0 thin-films deposited in glass
substrate.

The calculated values of the Zn;Fe,O (x = 0, 5, 10, 15 and 20 at.%) films' refractive
index, n, and extinction coefficient, k, are shown in Figs. 8(a, b), respectively. According to Fig.
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8(a, b), the n and £ steadily rise as the Fe concentration rises. All films in Fig (a, b) show a peak at
around 380 nm, and » and k begin to decline at that wavelength, indicating an interband transition.
In the visible spectral band, the extinction coefficient has a very low value.
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Fig. 8 (a) The refractive index and (b) extinction coefficient of Zn,..Fe,O thin films obtained by the SE
method.

The absorption coefficient a of the Zn;Fe,O films is correlated with absorption index, k

by the relation (k = aA/4m). Fig. 9 (a) displays the plot of the absorption coefficient, a versus
photon energy, E in eV.

The next Tauc equation [26, 27] provides the optical transitions of the analysed films in
the strong absorption range (o > 10%):

K'(hv-E”"Y)
a(hv) = —( e
hv
where £ ;,)p " is the energy gap and x is the suffix controlled by the type of transition that controls

the optical absorption. As demonstrated in Fig. 9 (b), we plotted (a.. 2v)* vs. (hv) for Zn,,Fe,O
films with different Fe contents and obtained the best fit at x = 2, thus a direct transition was

approved. Estimated E ;p " as the crossing of the extrapolation of the linear fit part with the photon
energy axis.
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Fig. 9. (a) Absorption coefficient and (b) (ahv)’ versus hv of Zn,..FexO thin films obtained by SE method.
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The findings demonstrate that, as shown in Fig. 10 (b), the £ ;p " values obtained decrease

as the concentration of Fe increases. As Fe content rises, Zn atoms are gradually replaced by Fe,
causing the fundamental band gap to shift to the red. More interstitial oxygen atoms are
incorporated as impurities into the ZnO film as the Fe doping concentration rises, leading to more
delocalized states and a narrower band gap. Additionally, the loss in crystallinity caused by the
smaller crystals and greater microstrain, which result in less crystal development and more defects
in the Zn;_,FexO films, can be responsible for the drop in band gap value.
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Fig. 10. Optica energy gap as a function of Fe concentration for Zn;,.FexO thin films.

3.5. AFM analysis Fedoped ZnO films

One of the best imaging methods now being employed at the nanoscale, sub-nanoscale
level, and the surface topography is atomic force microscopy (AFM). AFM measurements can be
used to quantitatively analyse the surface topographies of a film, including the grain size and
surface roughness. Fig. 11 (a-e) illustrate the 3D AFM pictures of ZnO films with various Fe
concentrations. According to Fig., the undoped film features fine, spherically formed grains that
are evenly spread. 11 (a). According to AFM tests, grain size dropped and surface roughness rose
as iron content rose. The nucleation and mobility of atoms on the surface are reduced as the
proportion of Fe is increased. Fe doping in ZnO film has a reasonable impact on grain size and
surface roughness, according to the AFM investigation.
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Fig. 11. AFM Images of Fe: ZnO films with (a) 0%, (b) 5%, (c) 10 %, (d) 15% and (e) 20 % Fe
concentration.

3.6. Magnetic characterization

To better understand the magnetic behaviour of these Fe-doped ZnO nano-films with
different concentrations (0, 5, 10, 15 and 20%), magnetization against field-dependent curves were
measured at 300 K. Pure ZnO displays diamagnetic performance in Fig. 12, while Fe/ZnO nano-
films demonstrate magnetization and RTFM increases with increasing Fe content. There was no
indication of saturation in every of the considered specimens. The origin of the RTFM in Fe-doped
ZnO nano-films can be clarified based on the XRD and SEresults. These results indicate that Fe**
ions occupy Zn”" sites within the lattice of the wurtzite ZnO crystal structure.
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Fig. 12. Room temperature Magnetic hysteresis loops for Zn; Fe, O (0.0<x<0.20) thin films.

It is evident from SE Spectroscopic Ellipsometry studies that Fe doping causes numerous
Zn; and Vo defects, which narrow the band gap. Therefore, it makes sense to conclude that adding
Fe’” in a ferromagnetic behavior may cause RTFM in materials with extensive Zn; and Vo flaws.
Ferromagnetism is therefore only produced via exchange interactions between local d-spins on Fe
ions and free delocalized charge carriers originating from oxygen vacancies. It has been proposed
that room temperature ferromagnetism depends critically on the interaction between defects and
magnetism.

All Fe-doped ZnO nano-films' M-H plots can be seen to form hysteresis loops, indicating
soft ferromagnetism in the room-temperature ferromagnetic behavior with a weak coercive field
and low remanence. Iron-doped ZnO films have been reported by several groups to be
ferromagnetic at and/or above room temperature [28, 29]. According to a theory put out [27, 28],
the change in magnetization in Fe-doped ZnO is caused by the average distance between Fe ions
shortening as Fe content increases. Therefore, the increased distance between Fe ions, which
decreases the ferromagnetic interaction, can be used to explain the weak magnetization reported at
low Fe levels in our work.

However, increasing the iron content strengthens the ferromagnetic interaction (shorter
iron ion spacing), which raises the magnetization. With the exception of films with a high
concentration of 20% Fe doping, the magnetic moment of the materials increases as Fe doping
concentration rises. This is linked to the development of a binary phase, which lessens the
concentration's magnetism. The spinel that was visible in the XRD spectra is in this phase. As seen
in Fig. 12, this binary material is a ferrite called (Fe,Os) that blocks the magnetic field and lessens
the substance's magnetism. 12.

4. Conclusions

Zn;Fe,O films with x = 0, 5, 10, 15 and 20 at.% were prepared under high vacuum by
the electron beam gun evaporation. The impact of Fe doping concentration on the films' structural,
optical and magnetic characteristics has been taken into account. The patterns of XRD for all films
at various Fe concentrations showed wurtzite-type structures. The results show that the size of
nanoparticles reduces from 24 nm (0%) to 11 nm (0.20%) with elevating Fe content, which is
owing to the difference between the ionic radii of Zn and Fe. Fe doping can be used to regulate
how well ZnO nano-films absorb light and change their energy gap. Peaks associated with the
elements to be seen were visible in the XPS spectra of undoped and 10% Fe-doped ZnO
nanoparticles produced by the precipitation process: zinc (Zn), iron (Fe), and oxygen (O). The
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optical constants (n, k) of the Zn; Fe O films were obtained by the SE measurements by an
ellipsometric model. With the addition of Fe, the energy band gap decreased from 3.44 eV to 3.28
eV. This is because more interstitial oxygen atoms are incorporated into the ZnO film as
impurities, leading to more delocalized states and a smaller band gap. As the Fe concentration
rises, the magnetization increases until it reaches a concentration of 15%, at which point it starts to
decrease. This decrease in magnetization was attributable to the spinel phase, which was seen in
the XRD spectra. This binary substance, (Fe,03), is a ferrite that obstructs the magnetic field and
lessens the film's magnetism. These findings imply that Fe-doped ZnO is a highly suggested
material for the creation of spintronic and optoelectronic devices.
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