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ABSTRACT

Pristine ZnO and iron-doped ZnO (x = 0, 0.04, 0.08, 0.10, and 0.15) nanoparticles

were produced by means of precipitation route. The nanoparticles were sub-

jected to thermogravimetric analysis. Both EDX and XPS were employed to

analyze the chemical structure of samples. The XRD pattern shows that the

hexagonal structure of iron-doped ZnO nanoparticles is known, and this sug-

gests that Fe2 ? can substitute Zn2 ? in the lattice of ZnO without the dis-

covery of another precipitated phase. As the amount of Fe material increases,

the lattice strain rises from 0.0277 to 0.0379, even though a crystallite size falls

from 38 to 28 nm, x is equal 0, and 0.15, respectively. The only factors that

significantly affect the shrinking of crystallite size are preparation conditions

and structural disorder. In terms of UV–vis absorption spectroscopy, the energy

gap, E
opt
g value obtained from the derivative of absorbance concerning wave-

length and found to be reduced from 3.41 eV when x of around 0 and 3.1 eV

when x of around 0.15 with rising Fe content. The photoluminescence spec-

trometry can produce wide PL peaks because of the numerous recombination

faults and sites. The presence of additional peaks from an intrinsic emission is

thought to be the cause of the PL’s asymmetric spectrum. The M-H measure-

ments demonstrated RT ferromagnetism in the Fe-doped ZnO nanoparticles by

vibrating the sample in a magnetometer. Additionally, the coercive field

increases from 59.9 G to 85.3 G and the remanent magnetization increases from

3.4 9 10–3 to 21 9 10–3 emu/g when the iron content rises from (x of around

0.02) to (x of around 0.15). By improving the magnetic and optical properties of

samples, these findings enable the use of iron-doped ZnO nanoparticles in

optoelectronic and spintronic applications.
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1 Introduction

Materials called diluted magnetic semiconductors

(DMS) are created by replacing the cations of non-

magnetic semiconductors with transition metal ‘‘TM’’

ions or rare earth ions[1]. The ferromagnetism

detected in strain gauges gets attracted intensive

research for its potential application in spintronic

devices that exploit the spin and electronic charge of

magnetic materials [2]. In addition, doping of tran-

sition metals in wide-bandgap semiconductors can

also lead to fine adjustment of an optical and ferro-

magnetic property[3–5]. Fundamental ferromag-

netism, including high Curie temperature, is an

essential condition for strain gages for spintronic

devices[6, 7]. As a result, work is being devoted to

fabricating TM metal-doped wide-bandgap semi-

conductors with RT ferromagnetism (RTFM). ZnO is

an II–VI compound semiconductor with a broad

bandgap * 3.37 eV and large exciton binding energy

‘‘60 meV’’, with a hexagonal structure with a P63mc

space group [8]. The requirement for a Curie tem-

perature (greater than Curie temperature) and

intrinsic ferromagnetism (FM) due to the second

phase of magnetic collections or in spintronic appli-

cations makes transition metal-doped ZnO. Since

RTFM-based applications have been observed in

several ZnO systems together with Mn, Co, and Fe-

doped ZnO [9]. Relatively conflicting results have

been reported for ferromagnetism in TM-doped Zinc

Oxide. Liu and co-author[9] described RTFM and

interpreted it as an inherent property of Iron-doped

ZnO. Transition metals have also been found to play

no influence on the magnetism of iron and man-

ganese-doped ZnO films [10]. Bhargava and co-au-

thor [11] examined ferromagnetism in chromium-

doped ZnO, and Taher and co-author[12] studied

ferromagnetism in co-doped nanostructured ZnO

films, which is practically caused by oxygen vacan-

cies presented in the films through hydrothermal

growth. The doping of ZnO by Iron (Fe) reduced the

bandgap. The energy gap of the ZnO semiconductor

material may be minimized by appropriately altering

the stoichiometry ratio of the Fe dopant, and we can

obtain a new material with distinct characteristics

from their inherent complement. Nano-sized Fe-

doped ZnO nanomaterials have gotten a lot of

interest in this area.

In iron-doped ZnO nanostructures, creäte via a

chemical rooting and ascribed their origin to zinc

vacancies (Zni) [13], Wei and co-authors studied

ferromagnetism in Iron-doped ZnO and ascribed to

the second phase at high doping concentration [14].

Despite numerous reports in the literature, there is

conflict over the basis of the RFTM noted in transition

metal-doped ZnO strain gauges. Some theories show

that doping ZnO nanoparticles, including these TMs

will result in significant changes in their luminous

and magnetic characteristics. Nevertheless, the

underlying system of RTFM in iron-doped ZnO is

unknown, and the relationship among the magnetic

and optical characteristics is not entirely evident due

to contradicting results in the works. These contra-

dicting findings imply that RTFM in (DMS) may be

especially sensitive to preparatory techniques. This

paper purpose of synthesizing high-quality

nanoparticle samples from pristine ZnO and Iron-

doped ZnO by various concentrations to study the

micro-structural parameters, morphology, optical

properties, and the effect of Fe doping on the energy

gap and magnetic properties of nanoparticles for

spintronic applications.

2 Experimental aspects

2.1 Undoped and iron-doped ZnO
nanoparticles synthesis

Dissolve Zn(NO3)2.6H2O and a suitable quantity of

Fe(NO3)2.6H2O (Sigma-Aldrich Co., USA) to yield the

desired doping percentage of Zn1-xFexO (x = 0, 0.04,

0.08, 0.10 and 0.15) in 50 mL of distilling water. The

zinc nitrate and ferric nitrate were dissolved in Di

water to obtain a clear solution, which was then

stirred for an additional hour. To the prepared solu-

tion, NH4OH solution was added dropwise until the

pH of the solution was * 9. The mix was stirred at

room temperature for 3 h and separated by center

fusion. The powder precipitate was in the muffle

furnace at 80 �C for 5 h. The thermal performance of

the precursors was examined by TGA (Shimadzu 50

with a precision of ± 0.1 K). Lastly, the dry samples

were ground and calcined at 520 �C for 2 h to get

powder samples.

2.2 Experimental methods

The thermal behavior of the precursors was detected

by the (TGA). The structure of ZnO and Fe/ZnO
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samples were detected using (XRD) Philips X-ray

diffractometer X-mode with Cu-Ka1 radiation. Crys-

talline silica (* 99.9999%) was used as an interior

standard. Compositional analysis by (EDX) spec-

troscopy and XPS ‘‘KALPHA device’’ were used to

examine the property of the band structure. Both PL

and absorbance spectra were measured using a dual

beam spectrophotometer (JASCO 670. To study the

magnetism of Zn1-xFexO (x = 0, 0.04, 0.08, 0.10 and

0.15), we performed field-dependent magnetization

(M-H) measurements in magnetic fields up to 40 KG

at RT using a vibrating sample magnetometer (VSM-

9600 M-1, USA).

3 Results and discussion

3.1 TG analysis

The thermal treatment is essential to form the single-

phase metal oxide after the precipitate is cleaned with

DI water and dried at 100 �C. Accordingly, thermal

gravimetric analysis (TGA) measurements of Fe-

doped ZnO nanoparticles were performed to exam-

ine the best possible calcination temperature. Fig-

ures 1a, b demonstrates the TG analysis curves of

pristine and 10% iron-doped ZnO nanoparticles,

carried out with thermal treatment at a rate of 5 �C /

min up to 750 �C in air. It is clearly seen that the

weight loss reduces with the growth in the temper-

ature * 519 �C. In the range of temperature after

519 �C, no remarkable critical variation in the loss of

weight was observed; therefore, the suitable calcina-

tion temperature is at least over 520 �C. Furthermore,

three steps of decompositions have been identified in

the TGA measurements (mass loss). The first step

belongs to water decomposition is detected at 0.92%

and 0.6% for pristine and 10% iron-doped ZnO

samples, correspondingly. The second step corre-

sponds to organic decomposition at 2.6%, and 2.05%

for pristine and 10% iron-doped ZnO powder sam-

ples, correspondingly.

3.2 Elemental composition analysis

Chemical Compositions analysis of pristine ZnO and

iron-doped ZnO nanoparticles were examined by

(EDXS). Figure 2 displayed the EDX spectra for

pristen ZnO and Zn0.90Fe0.10O nanoparticles which

indicates that all the samples consist of Zn, O, or Fe,

confirming that the incorporation of Fe into the

samples. The EDXS analysis revealed that the

nanoparticles with our selected ratios are nearly

stoichiometric.

3.3 Microstructural characterization

Powder XRD of the pristine and Fe-doped ZnO

nanostructure are described in Fig. 3. All samples of

Zn1-xFexO (x = 0, 0.04, 0.08, 0.10 and 0.15) have a

single hexagonal phase of ZnO and spacegroup

‘‘P63mc’’ according to open cryptography code #

00-900-4178. No contamination was detected, like Fe

cluster or Fe2O3, implying that the amount of iron is

fewer than the solubility limits. Nevertheless, we

cannot eliminate the possibility of improving clusters

or precipitates of secondary amorphous phase small

enough not to be detected by the XRD measurements.

The diffraction peak of 15% Fe-doped ZnO

(2h = 34.305�) has shifted towards lower angles
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Fig. 1 a, b The TGA curves of pure and 10% Fe-doped ZnO nanoparticles
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Fig. 2 The EDXS spectra for pure ZnO and Zn0.90Fe0.10O nanoparticles
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compared to the pure ZnO (2 h = 34.355�), as exhib-

ited in Fig. 3. This is because of the difference in ionic

radii between Iron and Zinc that causes the existence

of the tensile strain in the host (Zn) on the incorpo-

ration of the dopant ions into the basic cell of the

powders. However, an increase in the concentration

of Fe by more than 15% led to forming another phase

from Fe3O4. Formation in this phase may be referred

to as the amount of iron that was not completely

soluble in the Zn.

To more understand the impact of Fe ions on the

lattice parameters of undoped ZnO, Rietveld refine-

ment has been utilized. Rietveld-refined of the

undoped and doped ZnO are exhibited in Fig. 3.

Then, the lattice constants (a, c) have been computed

systematically utilizing Rietveld refinement [15]em-

ployed in fullprof software. The obtained lattice

parameter are plotted in Fig. 4.

By getting a diffraction pattern from the line

broadening of standard material, it is possible to

eliminate the instrumental broadening input using

the following Eq. [16, 17]:

bhklð2hÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bhklð Þ2measured� bhklð Þ2stanard
q

ð1Þ

Here bhkl is the (FWHM), bc, and, bs are defined in ref

[19, 20]:

bhkl ¼ bc þ bs ¼
kk

D cos h0
þ 4e sin h0ð Þ ð2Þ

where D, k is the shape factor (& 0.9), and k, and e are

defined in the ref [17, 18].

The crystallite size was computed by applying

Debye -Scherrer’s formula [19, 20]

Dv ¼ kk
b cosðhÞ ð3Þ

where k is the wavelength (1.54 Å).

The lattice strain (e) parameter is estimated utiliz-

ing the following relation [19, 20]

e ¼ b
4 tanðhÞ ð4Þ

The microstructural parameters s, e, and Dv for

Zn1-xFexO nanoparticles with several Fe contents are

presented in Fig. 5. Clearly, the crystallite size redu-

ces from 38 nm (x = 0) to 28 nm (x = 0.15) while the

strain rises with increasing Fe substance. The varia-

tion of the crystallite size is strongly dependent only

on preparation conditions and structure disorder[21].

During the preparation of the investigated samples,

the preparation conditions were kept almost con-

stant; accordingly, the grain size decreased due to the

Fe ions being replaced by Zn ions.

3.4 XPS Studies

XPS examines the chemical composition of elements

present in equipped samples. On all prepared sam-

ples, a comprehensive analysis was done. Figure 6a,

b shows overview spectra of pristine and 10% Fe-

doped ZnO nanoparticles synthesized by the pre-

cipitation route. From these figures, peaks associated

with the elements Fe, Zn, O, and C are examined. To

prove the coexistence of Fe2? and Fe3? ions in Fe-

doped ZnO, we convoluted a 10% Fe spectrum, as
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presented in Fig. 7a–c). XPS central peak spectrum of

O 1 s for Fe-doped ZnO is revealed in Fig. 7b.

The XPS spectrum of the O 1 s region shows

asymmetric nature, demonstrating the attendance of

different oxygen species. All peaks were deconvolved

using a Gaussian fit. The nanoparticles synthesized

by the precipitation method showed peaks at binding

energies 529.27 eV, 529.5 eV, and 530.70 eV, as

demonstrated in Fig. 7a, an O 1 s peak is observed

around 520.5 eV. It is owing to the O-2 bond with the

metal, in our event Zn, which is Zn–O. The wide

nature of the peaks may be owing to different oxygen

coordinates in the samples. The peak at the lower

binding energy centered at 529 eV is attributed to O

ions surrounded by wurtzite-structured Zn atoms at

tetrahedral sites. The higher binding energy peak

centered at 530.7 eV is attributed to the oxygen

vacancy defect.

It can be seen that Fe 2p3/2 and Fe 2p1/2 peaks

and satellite peaks of the precipitation process are

determined (Fig. 7b). It can be seen from the

figure that the Fe 2p3/2 and Fe 2p1/2 peaks of 10%

Fe-doped nanoparticles synthesized by the precipi-

tation method appear at 710.35 eV and 724.24 eV,

respectively, with a peak spacing of 13.91 eV. The

difference in binding energy originates from the

coupling of spin–orbit between the atoms of Fe.

The binding energy of the Zn 2p peak was

observed, as indicated in Fig. 7c. The binding energy

of Zn 2p3/2 and 2p1/2 peaks are situated at

1021.50 eV and 1045.22 eV for 10% Fe-doped ZnO.

This shows that zinc exists in 2 ? states in all sam-

ples [22]

3.5 Optical characterization

Optical absorption measurements have an important

task in investigating the behavior of semiconductor

nanostructure. The energy band gap is considered to

be the fundamental property of semiconductors. The

absorbance of Zn1-xFexO (x = 0, 0.04, 0.008, 0.10 and

0.15) are presented in Fig. 8. The inset of this
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figure shows an amplification the absorbance in the

strong absorption region. To get the energy gap, E
opt
g

value, the derivative of absorbance concerning

wavelength was performed. Figure 10 illustrates the

derivative absorbance of Zn1-xFexO (x = 0, 0.04, 0.008,

0.10, and 0.15) nanoparticles as a function of wave-

length. Figure 9 also shows the extent to which

absorption increases with decreasing particle size

(see Fig. 4). At larger particle sizes, the number of

atoms required to build nanoparticles is huge, which

increases the height of the maxima and the width of

the peaks [22, 23]. The band energy of a nanoparticle

can be determined from the location of the peak

as = hc/kmax. [24, 25] found that the energy gap of

the investigated nanoparticles reduced from 3.41 eV

(x = 0) to 3.1 eV (0.15) with rising Fe content.

It is observed that the absorption maximum kmax

red-shifts to longer wavelengths, from 363 to 402 nm,

with rising Fe concentration in the semiconducting

ZnO matrix due to reducing particle size. Figure 10

displays that the energy gap of Zn1-xFexO reduces as

the particle size decreases. This not only confirms the

reduction of the energy gap, but also the reduction of

the particle size with increasing Fe content. The

transition to lower energies appears to be a low-di-

mensional quantum size effect due to electron and

hole confinement in the semiconductor matrix.

Therefore, the observed reduction in the energy gap

of Zn1-xFexO is due to the reduction in particle size,

which is attributed to nanoscale electronic confine-

ment, the so-called quantum confinement, or quan-

tum size effect.

3.6 Photoluminescence (PL) studies

PL spectra of Fe-doped ZnO nanoparticles evaluated

at RT employing a 325 nm wavelength excitation

source are demonstrated in Fig. 11. Their peak sepa-

ration (or deconvolute) spectra are shown in Fig. 12.

PL peaks can be wide due to multiple recombination

defects and sites. The PL asymmetric spectrum is

attributed to the attendance of other peaks of an
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intrinsic emission. These are produced by defect

states that are spread on the outside and interior of a

specific nanostructured system. This discovery con-

tradicts a near-band-edge emission (NBE) peak in the

(UV) region, whereas a (VL) emission peak is ascri-

bed to DLD transitions. The UV emission band fea-

tures an emission peak at 395 nm (3.12 eV), which is

caused by excitonic recombination matching to the

near-band edge emission of ZnO, according to

Gaussian fitting of the PL spectra.

a lot of other visible emission bands adjusted to

show at 422 nm (2.95 eV), 440 nm (2.83 eV), 465 nm

(2.67 eV), 489 nm (2.55 eV), 510 nm (2.44 eV) and

530 nm (2.34 eV). These fitted peaks correspond to

the emissions of violet, blue and green The broad and

faint purple emission peak observed at 422 nm

(2.95 eV) can be endorsed to the transition energy of

electrons from conduction to interstitial oxygen (Oi).

Furthermore, two faint broad peaks of the green

emission were observed at 510 nm (2.44 eV) and

530 nm (2.34 eV) after the Gaussian fitting of the PL

spectrum. The emission peak at 5010 nm may be due

to the Zni to Oi transition, while the emission peak at

530 nm can be attributed to the conduction band OZn

transition.

The blue emission is higher than the others. Their

peaks at 440 nm (2.83 eV), 465 nm (2.67 eV), and

489 nm (2.55 eV) were cleared after Gaussian fitting

of the PL spectra, which can be attributed to inter-

stitial zinc (Zni) and oxygen-related defect. Correla-

tion vacancy (Vo). Under the excitation of ultraviolet

light, some photogenerated electrons can first decay

to the defect energy level through a nonradiative

transition process, and then transition to the valence

band, in that way emitting blue light. Finally, the

emission peak * 484 nm could be owing to impuri-

ties introduced during fabrication, which may attri-

bute to inherent defects such as Vo to valence band

transitions.

3.7 Magnetic characterization

To better understand the magnetic behavior of these

Fe-doped ZnO nanoparticles with various concen-

trations (4%, 8%, 10%, and 15%), magnetization

against field-dependent curves was determined at

300 K. Figure 13 exhibits pure ZnO diamagnetic

performance, whereas Fe/ZnO nanoparticles reveal

RTFM and magnetization rises with improving Fe

substance. There was no indication of saturation in

every sample. Based on the XRD and UV–Vis results,

a possible clarification for the source of RTFM in Fe-

doped ZnO nanoparticles can be originated. These

results indicate that Fe2? ions occupy Zn2? sites

within the lattice of the wurtzite ZnO crystal

structure.

There is no evidence of secondary phase formation

(metallic iron, iron oxide or zinc-iron binary phases)

or clusters. These remarks propose that the magne-

tization is not owing to secondary phases or clusters.

PL spectra obviously show that Fe doping induces

multiple Zni and Vo defects. Consequently, it is
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reasonable to assume that rich Zni and Vo defects

may provide to RTFM by creating Fe2?-Fe2? coupling

in a ferromagnetic behavior. Therefore, only the

exchange interactions among free delocalized charge

carriers originating from oxygen vacancies and local

d-spins on Fe ions are considered to be the source of

ferromagnetism. It has been suggested that the rela-

tionship between defects and magnetism plays an

important role in RT ferromagnetism.

The M-H plot of all Fe-doped ZnO nanoparticles

demonstrates the creation of hysteresis loops, which

means that the room temperature ferromagnetic

behavior with a small coercive field and low rema-

nence exhibits soft ferromagnetism. Several groups

have reported that iron-doped ZnO nanoparticles are

ferromagnetic at and/or above room tempera-

ture[26, 27]. It has been proposed that the change in

magnetization in Fe-doped ZnO is attributable to the

shortening of the median distance among Fe ions

with growing Fe content [28, 29]. Therefore, the weak

magnetization observed at low Fe levels in this work

can be attributed to the larger distance among iron

ions, which weakens the ferromagnetic interaction.

Nevertheless, by adding the iron content, the fer-

romagnetic interaction becomes stronger (shorter

iron ion spacing), thereby increasing the magnetiza-

tion. Furthermore, the remanent magnetization (Mr)

and coercive field (Hc) were estimated for all Fe-

doped ZnO nanoparticles measured at room tem-

perature. The coercivity rises as x increases from 59.9

G to 85.3 G x = 0.04 to x = 0.08 (Fig. 14a) and Mr from

3.4 9 10–3 emu/g (x = 0.02) to 21 9 10–3 emu/g

(x = 0.15) (Fig. 14b).

4 Conclusion

In conclusion, the structural and optical properties of

pure ZnO and Fe-doped ZnO nanoparticles (x = 0.04,

0.08, 0.10, and 0.15) produced by the precipitation

process were studied. The patterns of XRD for all

nanoparticles at different Fe concentrations showed

wurtzite-type structures. The results show that the

size of nanoparticles reduces from 39 nm (0%) to

28 nm (0.15%) with increasing Fe content, which is

owing to the difference between the ionic radii of Zn

and Fe. The optical absorption spectrum of the

nanoparticles shows a red shift from 363 to 402 nm,
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thus finding that the bandgap energy increases from

3.41 eV (x = 0) to 3.13 eV (0.15) with increasing Fe

concentration due to particle reduction in size.

The light absorption and energy gap changes of

ZnO nanoparticles can be controlled by Fe doping.

XPS spectra of undoped and 10% Fe-doped ZnO

nanoparticles synthesized by the precipitation pro-

cess showed peaks associated with the elements to be

observed Zn, O, Fe, and C. Verification of the coex-

istence of Fe2? and Fe3? ions in Fe-doped ZnO. Fer-

romagnetism is observed at RT for Fe-doped ZnO.

The magnetization increases with the Fe content.

These results suggest that Fe-doped ZnO is an

excellent recommendation for the development of

spintronic and optoelectronic devices.
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