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Abstract 

Iron doped ZnO (Fe-ZnO) nanoparticles were synthesized using two techniques that are 

economical as well as scalable to yield tunable properties of nanoparticles for facilitating 

down conversion in an absorbing layer of a solar cell. To evaluate the suitability of Fe-ZnO 

nanoparticles prepared by two deposition methods, we present a comparison of optical, 

electrical, and structural properties of Fe-ZnO using several experimental techniques. 

Structural properties were analyzed using transmission electron microscopy and x-ray 

diffraction spectroscopy (XRD) with Rietveld analysis for extracting information on 

http://creativecommons.org/licenses/by/4.0/
mailto:ganga-neupane@utulsa.edu
mailto:Amrit-kaphle@utulsa.edu
mailto:hari@utulsa.edu
mailto:david.mcilroy@okstate.edu
mailto:elena.echeverria@okstate.edu
mailto:prasli79@gmail.com
mailto:hari@utulsa.edu
https://www.lidsen.com/journals/jept/jept-special-issues/nanostruct-mater-clean-sustain-ener-storage-effic-wellness-green-buil
https://www.lidsen.com/journals/jept/jept-special-issues/nanostruct-mater-clean-sustain-ener-storage-effic-wellness-green-buil


JEPT 2021; 3(3), doi:10.21926/jept.2103035 
 

Page 2/24 

compositional variations with Fe doping. The chemical composition of nanoparticles was 

analyzed through X-ray photoelectron spectroscopy (XPS). The optical properties of 

nanoparticles were studied using photoluminescence and UV-Vis absorption spectroscopy. In 

addition, fluorescence lifetime measurement was also performed to study the changes in an 

exponential decay of lifetimes. The electrical transport properties of Fe-ZnO were analyzed by 

impedance spectroscopy. Our studies indicate that ethanol as a solvent in a microwave 

method would produce smaller nanoparticles up to the size of 11 nm. In contrast, the 

precipitation method produces secondary phases of Fe2O3 beyond 5% doping. In addition, our 

studies show that the optical and electrical properties of resulting Fe-ZnO nanoparticles 

depend on the particle sizes and the synthesis techniques used. These new results provide 

insight into the role of solvents in fabricating Fe-ZnO nanoparticles by precipitation and 

microwave methods for photovoltaic and other applications. 

Keywords  

ZnO nanoparticles; precipitation, microwave method; rietveld analysis; X-ray photoelectron 

spectroscopy; fluorescent lifetime; impedance measurement; nyquist plot 

 

1. Introduction 

ZnO nanomaterials have attracted a great deal of attention in the scientific community due to 

their range of structural, electrical, and optical properties. Material design and fabrication, including 

synthesis, characterization, and device application of nanostructures, are actively studied by various 

groups. Exploring various synthesis methods of nanomaterials is crucial for tailoring the optical, 

structural, and electrical properties of nanomaterials. ZnO, an n-type semiconductor has a wide 

bandgap energy (Eg = 3.37eV) and a large exciton binding energy of 60 meV. Recently, ZnO 

nanoparticles have received significant attention due to the wide range of morphologies they 

exhibit and potential applications to spintronics [1]. In recent years, transition metal-doped ZnO has 

been extensively investigated because of its chemical, mechanical, electrical, optical, and magnetic 

properties [2, 3]. A wide range of techniques has been used to synthesize ZnO, such as sol-gel [4], 

laser-assisted chemical vapor deposition [5], solvothermal [6], hydrothermal [7], and microwave-

assisted method [8]. Among these techniques, the hydrothermal-precipitation method and 

microwave methods are of great interest because of cost-effectiveness, safety considerations, and 

rapid deposition of nanoparticles. These techniques, solution-based techniques, in particular, have 

gained significant interest because they offer several advantages over other deposition techniques, 

such as low processing temperature, the maximum tunability in controlling the size and morphology 

of the resulting nanostructures. 

Nanoparticles are unique physical and chemical systems because their relatively large surface 

area influences the physical, chemical, and structural properties. In addition, the Optical and 

electrical properties of nanoparticles are also size-dependent. Because of these unique 

characteristics, they are suitable candidates for various applications such as catalysis, bio-imaging 

material, medical applications, energy-based research, and environmental applications [9]. There 

are many examples from the literature illustrating the applications of synthesizing nanoparticles in 
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these areas. For example, Subban et al. [10] synthesized TiWO2 nanoparticles and used them as 

catalysis. They found from an electrochemical test that the rates of hydrogen oxidation and oxygen 

reduction by platinum nanoparticles supported on TiWO2 are comparable to those of commercial 

Pt on carbon black. Nanoparticles such as dye-doped silica nanoparticles and gold nanoparticles are 

now being developed for absorbance and emission in the near-infrared region, which is expected to 

allow for real-time and deep tissue imaging via optical routes [11]. Nanoparticles are also developed 

for potential applications in cancer treatment. Magnetic nanoparticles such as Fe-ZnO provide novel 

ways to deliver cancer drugs to a specific site without disturbing the surrounding areas. These 

particles allow exquisite modification for binding to cancer cell membranes or nuclear receptor sites. 

Delivery of high drug concentrations to the targeted cancer cells [12] has been already 

demonstrated. Nanoparticles have also been used for electrochemical energy storage. It was found 

that for nanoparticles below 10 nm, capacitive contributions became increasingly important, 

leading to greater amounts of total stored charge [13]. Nanoparticles can also be used in the 

detection and monitoring of microorganisms in fluorescence labeling systems in microfluidic devices. 

They can also be further conjugated with specific antibodies to detect pathogenic microorganisms 

such as Cryptosporidium parvum and Giardia lambli [14]. Fe and Co-doped ZnO nanoparticles are 

also promising candidates for semiconductor-based spintronic devices [15]. Omri et al. [16] studied 

the optoelectronic properties of Cu-doped ZnO nanoparticles. They found that the current 

conductivity increases with increasing Cu content despite a decrease in activation energy. Jun et al. 

[17] also studied ultraviolet photodetectors based on ZnO nanoparticles. They found the ratio of 

photocurrent to the dark current was as high as 106, which is favorable for application as a 

photodetector. Similarly, Singh et al. [18] studied structure, photophysics, and optoelectronics 

application of modified ZnO nanoparticles. The modified ZnO was incorporated in light-emitting 

diodes and the device performance was explored. Several researchers have studied the room 

temperature ferromagnetism in Fe and Co-doped ZnO nanomaterials. Mohapatra et al. [19] found 

the room temperature ferromagnetism in Co-doped ZnO within an optimal doping level of 5%. Wu 

et al. [20] also found the room temperature ferromagnetism in Fe doped ZnO nanoparticles by 

hydrothermal synthesis. Similarly, Gu et al. [21] reported defect-induced room temperature 

ferromagnetism in Fe and Na co-doped ZnO nanoparticles. This behavior was attributed to the 

exchange via electron trapped oxygen vacancies coupled with magnetic Fe ions. High conductivity 

can be achieved by doping with a transition metal, which in turn leads to the application of surface 

acoustic wave devices and transparent conducting electrodes. 

It is well known that the size of nanoparticles strongly influences the properties of the nanofilm 

made from the nanoparticles. As we already know that photovoltaic cells based on silicon have 

reached efficiencies of up to 25%, which is close to the limit of about 33% predicted by Shockley and 

Queisser [22]. The practical limitation also arises from the non-radiative recombination processes 

at the front and back surface of the solar cell. Here considering the limitations based on the analysis 

of Shockley and Queisser, it appears attractive to modify the spectrum of sunlight by down 

conversion before it enters the solar cell. This can be done by synthesizing suitable nanoparticles of 

various sizes which can down-convert the photons by generating multiple photons out of one 

absorbed photon. 

However, the most crucial challenge in the fabrication process is the design of a synthesis method 

that can yield tunable nanoparticles in a very short time based on a simple and cost-effective 

deposition technique. Synthesis of nanoparticles is often accomplished by sputtering, chemical 
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vapor deposition, and sol-gel techniques [23-25]. These techniques require sophisticated systems 

which are costly and consume lots of energy and time. In comparison with other conventional 

methods, synthesis by microwave method has the advantage of having a short time of reaction due 

to the combined forces created by both electric and magnetic components of microwave irradiation. 

There are several reports on the fabrication of transitional metal-doped ZnO nanoparticles [26] by 

conventional techniques and microwave-assisted methods. K. Hossienzadeh et al. [27] synthesized 

undoped, Ag-, Cu-, Mg- and Ce-doped ZnO nanoparticles using the solvothermal method. S. 

Aiswarya et al. [28] synthesized undoped and Fe-doped ZnO nanoparticles using Amaranthus 

spinosus leaf extract as a reducing agent. Limaye et al. [29] used the microwave-assisted synthesis 

method to synthesize Fe-doped ZnO nanorods instead of nanoparticles. Glaspell et al. [30] 

synthesized Co-, Cr-, Fe-, Mn-, and Ni-doped ZnO using microwave method operated in 30 seconds 

cycles for 10 min. To our best knowledge, there are no reported studies on synthesizing Fe-ZnO 

nanoparticles using a microwave with two different solvents (deionized water and ethanol) below 

5 min of irradiation. 

The main objective of this study is to fabricate Fe doped ZnO nanoparticles using hydrothermal 

precipitation and microwave method and to investigate the differences in structural, electrical, and 

optical properties of Fe-ZnO prepared by these two methods. Up to our knowledge, there is no 

comparative study on Fe-ZnO nanoparticles using simple hydrothermal and microwave methods 

with two different solvents. This study will guide to fabrication of Fe-ZnO nanoparticles with tunable 

size for photovoltaic application. One important variable in this study is the choice of solvent used 

in a deposition. To study the effect of solvent in controlling the particle size under these deposition 

methods, we used water and ethyl alcohol as solvents. The precipitation method is limited to using 

water as a solvent, whereas the microwave method uses both deionized water and ethyl alcohol as 

solvents. Using these deposition techniques and two different solvents, we synthesized a range of 

Fe-doped ZnO nanoparticles with different Fe content and compared the structural, optical, and 

electrical properties of the resulting nanoparticles. 

2. Materials and Methods 

2.1 Materials 

The chemicals, zinc acetate dihydrate [Zn(CH3COO)2.2H2O, >99.5%], iron nitrate nonahydrate 

[Fe(NO)3.9H2O, >98%], sodium hydroxide [NaOH, >97%], polyvinylpyrrolidone (PVP) [(C6H9NO)n], 

ethyl alcohol [C2H6O, >98%] and acetone [C3H6O, >99.5%] were purchased from Sigma Aldrich and 

were all used without further purification. 

2.2 Methods 

ZnO nanoparticles were synthesized by both precipitation and microwave method using 

deionized water as a solvent with zinc acetate dihydrate and sodium hydroxide as a precursor. In 

this experiment, zinc acetate dehydrate was mixed with deionized water. The solution was stirred 

continuously with a magnetic stirrer, and sodium hydroxide was added to make the pH of the 

solution to be 11. To synthesize nanoparticles from the microwave, the obtained final solution was 

kept at Hamilton Beach microwave with steel reinforced chassis (Model No. EM720CGA-PMB) at 

140W for 5 minutes. In the precipitation method, the solution was heated at 70 0C for two hours 
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with continuous stirring. For the variation in the percentage of Fe-doping in both methods, different 

weight percentage (5%, 10%, and 15%) of iron nitrate was used. The solution was centrifuged and 

washed several times with acetone and deionized water. The precipitates were calcinated at 100 0C 

for an hour. Using ethanol as a solvent, the final solution was heated in the same microwave at 

210W for 2 minutes. Finally, the powder was crushed, samples were prepared as ZnO nanoparticles 

for characterization. For tracking the two sets of samples prepared by deionized water and ethanol, 

we categorized samples prepared in the microwave using deionized water as microwave A and 

samples prepared with ethanol in the same microwave as microwave B.  

Samples were characterized using the following instruments. Hitachi H7000 was used to collect 

TEM images at 75kV. A Rigaku SmartLab diffractometer with CuKα1 radiation, λ= 1.54 A0 operated 

at 40 kV and 44 mA was employed for measuring the XRD spectra. The PL and the UV-vis spectra 

were recorded using a Spectrofluorometer (Jasco, FP-6500) and a Varian Carry 50 Scan UV 

spectrophotometer, respectively. Fluorescent lifetime was measured using Life Spec II (Edinburgh 

Instruments, EPLED-610). XPS was performed in an ultra-high vacuum (UHV) system with a base 

pressure of 6.0 x 10-10 Torr. XPS spectra were acquired using the Al-kα emission life from a dual 

anode x-ray source (Physical Electronics XR 04-548) operated at 400 W and an incident angle of 

54.7°. The kinetic energy of the photoelectrons was collected and analyzed with an Omicron EA 125 

hemispherical electron energy analyzer with a resolution of 0.02 eV. Impedance spectra were 

measured using Bode 100 with 10-24 VDC/10 W. 

3. Results and Discussion 

3.1 Morphological Studies 

The microstructure and morphology of all samples were studied by transmission electron 

microscopy (TEM). Figure 1(a, b, c) shows TEM images of ZnO nanoparticles synthesized by both 

precipitation and the microwave method. Commercially available Image J software was used to 

process TEM images. From the TEM analysis, as shown in Figure 1(d), it was observed that the 

average diameter of particles (calculated by averaging 25-30 nanoparticles in each cluster) obtained 

from the precipitation method decreases from 87 nm to 55 nm whereas the diameter decreases 

from 17 nm to 11 nm when prepared by microwave method B as the iron concentration increased 

from 0% to 15%. A similar result was also observed in a precipitation study of Fe-ZnO at low 

concentration by Yu et al. [31]. They reported a decrease in particle size from 100 nm to 80 nm when 

the iron concentration increased from 1 to 3%. 
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Figure 1 TEM images of ZnO nanoparticles prepared by (a) precipitation method, (b,c) 

microwave method, and (d) variation in size of Fe-ZnO nanoparticles with different iron 

concentrations. 

The average diameter of particles increases from 51 nm to 74 nm as prepared by microwave 

method A (where water was used as the solvent), which is shown in Figure 1(d) as a function of iron 

concentration from 0 to 15%. In contrast, nanoparticles prepared by microwave method B (using 

ethanol as the solvent) yielded smaller particle sizes. Fe-ZnO nanoparticles showed a decrease in 

size with Fe concentration (Figure 1 (d)) when ethanol was used as a solvent in a microwave 

deposition. This effect could be attributed to solid-state diffusion [32], which is responsible for the 

transport of atoms or ions of solid reactants and product during the reaction and crystal growth of 

the solid product. Singh [33] synthesized nanoparticles using the microwave method and calculated 

particle size using the effective mass approximation method, which was in good agreement with the 

result obtained from scanning electron microscopy (SEM) and observed a similar increase in particle 

size when ZnO was doped with manganese (Mn). The average particle size for pure (undoped) ZnO 

in this study was found to be in the range 10-60 nm while size increased in the range 50-100 nm 

when doped with Mn using the microwave method. 

The decrease in particle size from 17-11 nm was observed when ethanol was used instead of 

deionized water in the microwave synthesis method. This may be due to the lower dielectric 

constant of alcohol compared to water. As the dielectric constant becomes small, the ability of the 

material will significantly increase to absorb microwaves and convert them into heat [34], which 

results in smaller nanoparticles. In addition, in their studies, PVP (polyvinylpyrrolidone) was used as 

a capping reagent, which reduces the strong interaction between the surfaces of nanocrystals that 

is believed to be a deterrent to solid-state diffusion. The decrease in particle size with an increase 

in iron concentration was also observed by Fabbiyola et al. [35]. These studies indicate that with 

increasing iron concentration, Fe3+ ions inhibit the nucleation and growth of nanocrystals. These 

reported trends of both increase and decrease in particle size with Fe content may be due to 

different preparation conditions and different solvents used in fabrication methods. 
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3.2 X-ray Diffraction (XRD) Analysis 

Figure 2(a) and Figure 3(a, c) show XRD patterns of pure ZnO, 5%, 10%, and 15% iron-doped ZnO 

nanoparticles prepared by the precipitation method and microwave method. All XRD peaks can be 

matched and indexed to the hexagonal phase ZnO of the wurtzite structure according to standard 

JCPDS card no.36-1451 [36]. Moreover, no secondary phases and impurity within the detection limit 

of XRD were observed, and no visible diffraction patterns of Fe species such as Fe, Fe2O3, and Fe3O4 

have been detected for ZnO samples doped with Fe below 10%. This result may be an indication 

that the Fe atom has successfully been incorporated in ZnO lattice preserving the wurtzite structure 

of ZnO except for the higher concentration of Fe-ZnO with Fe at 10% and 15% prepared by 

precipitation method. 

 

Figure 2 X-ray diffraction spectra (a) and crystallite size of Fe-ZnO nanoparticles (b) 

prepared by precipitation method. 

 

Figure 3 (a, c) X-ray diffraction spectra and (b, d) crystallite size of Fe-ZnO nanoparticles 

prepared by the microwave method. 
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3.3 Rietveld Analysis of XRD Data on Fe-ZnO 

Rietveld refinement analysis was performed to characterize the structural aspect of prepared 

nanoparticles using the PDXL software program [37-39]. Figure 4 shows the observed and calculated 

patterns in the same field as solid line curves, black and red respectively. The vertical olive lines 

mark the angular positions of the ZnO reflections. The difference between observed and calculated 

lines is shown in the lower field in blue. The pie chart represents the number of phases in samples 

obtained from the Rietveld analysis. From the XRD Rietveld analysis, the hexagonal wurtzite 

structure was confirmed for all prepared nanoparticles. However, small peaks corresponding to 

cubic ZnFe2O3 were observed in the XRD patterns of 10% and 15% Fe-doped ZnO nanoparticles 

prepared by the precipitation method. The formation of a secondary phase in zinc iron oxide 

structure- for nanoparticles above 5% Fe doping is due to the coexistence of Fe3+ and Fe2+ ions in 

our samples [40]. The obtained values of fit parameters from the analysis are in Table 1, Table 2, 

and Table 3. The goodness of fit (S) is calculated from S = Rwp /Re, where Rwp and Re are the weighted 

profile and expected weighted profile reliability factors, respectively. All S values are near to 1, 

which indicates the excellent goodness of fit and confirms the refinements are accurate.  

 

Figure 4 Observed and calculated XRD patterns of 15% Fe-ZnO by (a) precipitation 

method (b) microwave method A and (c) microwave method B. The inset of figure (a) 

shows the pie chart representing the quantity of phase in samples obtained from the 

Rietveld analysis. 

Table 1 Refine parameters from the Rietveld analysis of Fe-ZnO nanoparticles prepared 

by precipitation method. 

Fe concentration Rwp (%) Rp (%) Re (%) S (%) χ2 (%) a (Å) c (Å) c/a Size (d) 

(nm) 

0% 3.15 2.26 2.38 1.32 1.74 3.2493 5.2060 1.60219 40.90 

5% 2.51 1.91 2.04 1.23 1.51 3.2490 5.2048 1.60196 36.98 

10% 2.50 1.86 1.85 1.35 1.82 3.2499 5.2062 1.60195 32.10 

15% 1.98 1.55 1.86 1.06 1.13 3.2503 5.2065 1.60185 30.31 
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Table 2 Refine parameters from the Rietveld analysis of Fe-ZnO nanoparticles prepared 

by Microwave method A. 

Fe concentration Rwp (%) Rp (%) Re (%) S (%) χ2 (%) a (Å) c (Å) c/a Size (d) 

(nm) 

0% 1.86 1.38 1.32 1.41 1.99 3.2501 5.2093 1.60281 15.00 

5% 1.55 1.26 1.44 1.14 1.30 3.2503 5.2097 1.60283 15.40 

10% 1.90 1.45 1.44 1.31 1.72 3.2517 5.2124 1.60297 19.61 

15% 1.27 0.98 1.10 1.15 1.33 3.2518 5.2127 1.60301 21.83 

Table 3 Refine parameters from the Rietveld analysis of Fe-ZnO nanoparticles prepared 

by Microwave method B. 

Fe concentration Rwp (%) Rp (%) Re (%) S (%) χ2 (%) a (Å) c (Å) c/a Size (d) 

(nm) 

0% 2.09 1.60 1.86 1.11 1.25 3.2634 5.2296 1.60250 8.20 

5% 2.31 1.68 1.67 1.38 1.91 3.2547 5.2152 1.60235 7.55 

10% 1.55 1.22 1.51 1.02 1.04 3.2499 5.2074 1.60232 7.02 

15% 1.92 1.41 1.67 1.15 1.32 3.2497 5.2072 1.60230 6.32 

Lattice parameters a and c along with the c/a ratio of nanoparticles prepared by precipitation 

method are displayed in Table 1. From the results presented in Table 1, it can be inferred that the 

c/a ratio is close to 1.6330 for the ideal close-packed hexagonal structure [41]. Lattice parameters 

a and c decreases by 5% and then increase by 10% and 15% Fe-ZnO nanoparticles compared to pure 

ZnO nanoparticles. Beltran et al. [42] also observed a similar decrease in lattice parameters a and c 

when iron concentration was increased up to 5% and showed a further increase in these parameters 

as the doping is increased beyond 5%. The reason for this change in lattice parameters can be 

attributed to the difference in ionic radii of iron and zinc. In addition, the enhancement in the lattice 

parameter is dependent on synthesis conditions. Change in lattice parameters a and c for the 

nanoparticles prepared from the microwave method is summarized in Table 2 and Table 3. In the 

microwave assisted method A, lattice parameters a and c increases with increasing iron 

concentration up to 15% keeping the c/a ratio in the range 1.6028 – 1.6030.  

However, lattice parameters decrease with increasing iron content up to 15% in the microwave 

method B keeping the c/a ratio in the range 1.6023 – 1.6025. This change in lattice parameters in 

all samples is an indication of the dopant substitution, and the degree of change in lattice 

parameters depends on the method of synthesis. Our obtained c/a ratio in all samples is significantly 

smaller in comparison to an ideal stoichiometric wurtzite structure (c/a = 1.6330). This result may 

be an indication of the presence of oxygen and/or zinc vacancies in the ZnO lattice, which are formed 

to keep charge neutrality [43]. The presence of oxygen and zinc vacancies can be seen from the 

photoluminescence (PL) spectra of Fe-ZnO nanoparticles as shown in Figure 5 (a) and Figure 6 (a and 

c). 
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Figure 5 (a) Normalized PL spectra and (b) NBE peak position of Fe-ZnO nanoparticles 

prepared by precipitation method. 

 

Figure 6 Normalized PL spectra of Fe-ZnO nanoparticles (a) microwave method A and (c) 

microwave method B, (b) NBE peak position of nanoparticles prepared by both 

microwave methods, and (d) FWHM of Fe-ZnO nanoparticles prepared by precipitation, 

microwave method A and microwave method B. 

It was also observed that the peak position (101) of Fe doped ZnO samples prepared by both 

precipitation method and microwave method B shifted towards a lower diffraction angle when 

compared to the corresponding peak position in undoped ZnO. This shift suggests a change in lattice 

parameters and cell volumes in the hexagonal structure of ZnO, confirming that Fe3+ is replacing 

Zn2+ in the crystal structure of the ZnO matrix. As previously mentioned, peak shift may be attributed 

to the ionic radii difference of Zn2+ (0.74 Å) comparing with that of Fe3+ (0.64Å) [20, 44]. 

Crystallite size of nanoparticles prepared by both microwave method and precipitation method 

was also obtained from the Rietveld refinement analysis and is summarized in Table 1, Table 2, and 

Table 3. 
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Microwave method B does not show the presence of any secondary phases from the Rietveld 

analysis in heavily Fe doped ZnO nanoparticles. An increase in crystallite size was observed when 

the samples were prepared by microwave method A, as shown in Figure 3 (b). This difference in 

results may be because of different heat treatment process (convective heating in precipitation vs. 

rapid heating via microwave radiation) and different solvents (water in precipitation and microwave 

A vs. ethanol in microwave B method) that was used in precipitation method and microwave 

method. An increase in crystallite size in microwave method A may be due to a surface temperature 

that alters the molecular concentration to make tiny crystals grow at the surface, thereby increasing 

the molecular concentration at the crystal's surface which in turn increases the size [32]. These 

results are in good agreement with our direct images obtained from TEM. 

3.4 X-Ray Photoelectron Spectroscopy (XPS) Studies 

X-ray photoelectron spectroscopy (XPS) is used to analyze the chemical composition of elements 

present in the prepared samples. Detailed survey analysis was done for all the prepared samples. 

Figure 7 shows survey spectra for undoped and 15% Fe-doped ZnO nanoparticles synthesized by 

microwave method A, microwave method B, and the precipitation method. From these figures, 

peaks related to zinc (Zn), iron (Fe), oxygen (O), and carbon (C) elements are observed. The inset of 

Figure 7 (a, b, c, & d) shows Fe 2p core peaks of undoped and 15% Fe-doped ZnO nanoparticles. For 

undoped nanoparticles, there are no peaks related to Fe whereas for all other samples peaks related 

to Fe are visible.  

 

Figure 7 XPS spectra of (a) undoped ZnO, (b, c, and d) 15% Fe-ZnO synthesized by 

precipitation method, microwave method A and microwave method B. 

In order to verify the coexistence of the Fe2+ and Fe3+ ions in the Fe-doped ZnO, we have de-

convoluted the 15% Fe spectra as shown in figure 8 (c). As it can be observed Fe 2p3/2 and Fe 2p1/2 

peaks as well as satellite peaks for precipitation method are identified. From figure, Fe 2p3/2 and Fe 

2p1/2 peaks at 712.39 eV and 726.16 eV, 711.52 eV and 725.35 eV, and 710.83 eV and 724.56 eV are 

observed for 15% Fe-doped nanoparticles with a peak separation of 13.7 eV, 13.8 eV, and 13.7 eV 

synthesized by microwave method A, microwave method B and precipitation method respectively 
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as shown in Figure 8(c). The differences in binding energy values result due to the spin-orbit coupling 

between Fe atoms. It is the interaction between the electron’s spin and its orbital motion around 

the nucleus. When an electron moves in the electric field of the nucleus, the spin-orbit coupling 

causes a shift in the electron’s atomic energy levels due to the electromagnetic interaction between 

the spin of the electron and the electric field. For Fe-Fe clusters in the samples, the difference in 

binding energy values of peaks would be around 13.10 eV, which is not in our case. Hence, it gives 

enough evidence that the Fe clusters are not present in our samples. These observed binding energy 

values were different from the binding energy values of elemental Fe and Fe in FeO. This was also 

supported by our studies of the X-ray diffraction and Rietveld analysis. A satellite peak at 717.68 Ev 

is observed, which is an indication of the Fe3+ states [45, 46]. Additionally, the binding energy at 

710.83 eV for 2p3/2 represents Fe2O3 chemical state [47]. Hence, it confirms the presence of Fe2O3 

phase in nanoparticles synthesized by precipitation method [48]. For the nanoparticles prepared by 

MA and MB, the satellite peak is not clearly seen, and XRD data do no show Fe3+ states, therefore 

Fe2O3 formation can be ruled out for these samples. 

 

Figure 8 XPS spectrum of (a) Zn 2p peaks, (b) O1s peaks, and (c) Fe 2p peaks 15% Fe-ZnO 

nanoparticles synthesized by Microwave method A, Microwave method B, and 

Precipitation method. 

The binding energies of Zn 2p peaks are observed and are shown in Figure 8 (a). The binding 

energy of Zn 2p3/2 and 2p1/2 peaks are located at around 1022.59 eV and 1045.62 eV, 1022.56 eV 

and 1045.53 eV, and 1022.50 eV and 1045.59 eV for 15% Fe-doped ZnO prepared by MA, MB and 

precipitation method respectively. The observed binding energies of these peaks are different from 

the elemental binding energy values and close to the standard binding energy values of Zn in ZnO. 

This indicates that zinc is present in 2+ chemical states in all samples [48]. In addition, Zn 2p peaks 

for nanoparticles synthesized by MA and MB were deconvoluted using Gaussian fitting. From the 

fitting, peaks other than at 1022 eV and 1045 eV, peaks at 1024.30 eV and 1024.60 eV for 2p3/2 

and 1047.62 eV and 1047.19 eV for 2p1/2 were also observed for MA and MB respectively. This can 

be attributed to the different chemical environments of the Zn2+ atom in the octahedral and 

tetrahedral sites of ZnO [49]. This might happen due to formation of excess amount of Zn species 

while synthesizing nanoparticles from microwave method. 
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XPS core peak spectrum of O 1s for Fe-doped ZnO is shown in Figure 8 (b). The XPS spectrum of 

the O 1s region present an asymmetric nature, indicating the presence of different oxygen species. 

All the peaks were deconvoluted using Gaussian fittings. Nanoparticles synthesized with MB method 

shows peaks at binding energies 528.39 eV, 529.42 eV, 530.59 eV, and 531.54 eV. Similarly, peaks 

are at binding energies 528.63 eV, 529.14 eV, 530.32 eV, 531.78 eV for nanoparticles synthesized 

by MA method and peaks are at binding energies 529.27 eV, 530.05 eV, and 531.60 eV for 

nanoparticles synthesized my precipitation method. The O 1s peak observed at around and 530 eV, 

as shown in Figure 8 (b) is due to the O-2 bonding with the metal, in our case Zn, i.e., Zn-O [50]. The 

broad nature of the peak could be due to various coordinates of oxygen in the samples [51]. The 

peak on the lower binding energy centered around 529 eV is ascribed to O2
- ions surrounded by Zn2+ 

atoms of the wurtzite structure at tetrahedral sites [52]. The peak at higher binding energy centered 

around 531 eV is ascribed to the oxygen vacancy defects [53, 54]. In addition, binding energy at 

around 528 eV prepared by MA and MB methods could be attributed to dissolved oxygen on the 

four fold hollow (FFH) sites of ZnO. This suggest that weakly bound atomic oxygen may present in 

an octahedral site of ZnO [55]. 

Hence, the XPS result confirmed the presence of Zn and Fe 2p peaks along with O 1s in all Fe-ZnO 

nanoparticles synthesized by both precipitation and microwave method. Zn is in a 2+ oxidation state 

and reduction of the intensity of Zn peak (not shown in figure here) with increasing doping 

concentration confirmed the substitution of Fe in ZnO. Also the Zn atoms are in both tetrahedral 

and octahedral site of ZnO in nanoparticles synthesized by MA and MB method. Fe is in 3+ states in 

Fe-ZnO nanoparticles synthesized by precipitation method. 

3.5 Photoluminescence (PL) Studies 

Figure 5 (a) and Figure 8 (a, c) shows PL spectra of Fe-doped ZnO nanoparticles prepared from 

both precipitation and microwave method. PL spectra were recorded for all samples at room 

temperature by using 325 nm as the excitation wavelength. From Figure 5 (a), it can be seen that 

there are three prominent peaks in the PL spectra of Fe-ZnO nanoparticles: a peak at around 395 

nm and the other two peaks around 467 nm and 564 nm. These peaks were related to the near-

band-edge (NBE) peak of ZnO, which is attributed to the radiative recombination of free excitions 

[56], and defect-related peaks (oxygen vacancies or Zn interstitials) respectively [57]. For samples 

prepared by the precipitation method, the NBE emission peak showed a blue shift, from 393.4 nm 

to 389.1 nm and a decrease in full width at half maxima (FWHM) within the increase of iron doping 

(5%, 10%, and 15%) as shown in Figure 5 (b).  

For samples prepared by microwave method B, the NBE emission peak also showed a blue shift, 

from 396.78 nm to 395.04 nm, and an increase in FWHM with the increase of iron doping up to 15%. 

This shift in the NBE peak for the samples prepared by both precipitation and microwave method B 

may be due to strong exchange interaction between d electrons of dopant ions and the s and p-

electrons of the host band [58]. 

On the other hand, for samples prepared with microwave method A, the NBE peak shifted 

towards a longer wavelength, resulting in a redshifted from 384.5 nm to 387.6 nm and an increase 

in the full width at half maxima (FWHM) with the increase in iron concentration as shown in Figure 

6 (d). This increase in FWHM was also observed in cobalt-doped ZnO quantum dots and is attributed 

to the simultaneous effect of Coulomb interaction, quantum size effects, vacancies, and defects 
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effects [3]. The shifts in NBE peaks in PL in the samples could be due to several effects present in 

quantum particles such as the creation of vacancies and defects, and variation in the size of 

nanoparticles during the growth process and doping. 

3.6 Absorption and Bandgap Measurements 

Absorption studies are summarized in Figure 9 (a, b, c). Figures 9 (a, b, and c) show UV- visible 

absorption spectra of Fe-doped ZnO (0-15%) nanoparticles synthesized by both precipitation and 

microwave method. The optical absorption measurements were performed using a Cary-50 UV-

visible spectrometer.  

 

Figure 9 (a, b, c) Absorption spectra of Fe-ZnO nanoparticles and (d) bandgap variation 

of Fe-ZnO nanoparticles. 

From Figure 9 (a, b, c), it can be seen that there is a blue shift, nearly from 373nm to 368 nm for 

the absorption edge with an increase in doping concentration in all samples prepared by the 

precipitation method. A shift from 356 nm to 349 nm in the absorption edge was also observed in 

the Fe-ZnO samples prepared by microwave method B. The blue shift in the NBE peak can be 

explained by the Moss-Burstein band filling effect [59]. Fe-doped ZnO nanoparticles are n-type 

semiconductors. The Fermi level in a doped semiconductor such as the one we studied will be inside 

of the conduction band since electrons occupy the state below the Fermi level in the conduction 

band. As a result, the absorption edge should shift to higher energy resulting in a blue shift. A similar 

result was also reported by Hammad et al. when Fe was doped (0%-5%) with ZnO. They observed a 

blue shift of the absorption edges from 354 nm to 335 nm in Fe-ZnO. This observed blue shift in 5% 

Fe-doped ZnO was also attributed to the Moss-Burstein band filling effect [60]. 

We observed a redshift, as shown in Figure 9 (c), nearly from 353 nm to 360 nm, in the absorption 

peak with an increase in doping concentration in Fe-ZnO samples prepared by microwave method 

A. This redshift can be attributed to the sp-d spin-exchange interactions between the band electrons 

and the localized d electrons of the transition metal ion substituting the cation [31]. Yousaf et al. 

[61] also observed a redshift in the absorption peak with increasing iron concentration. This 

observed trend in the absorption peak was also attributed to sp-d spin-exchange interactions 

between localized d electrons of the dopant and the band electrons of ZnO. 
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The absorption spectra in Fe-ZnO were analyzed to extract the bandgap using the Tauc Plot 

equation (1) [62]. 

(αhν)2 =  A (hν − 𝐸𝑔) (1) 

where A is the edge width parameter, Eg is the bandgap energy, and α is the absorption coefficient. 

Figure 9 (d) shows the variation of bandgap energy with iron concentrations. From Figure 9 (d), it 

can be seen that the bandgap energy increases with an increase in iron content up to 15% in the 

nanoparticles prepared by the precipitation method and microwave method B. The bandgap energy 

increased from 3.13 eV to 3.19 eV and 3.21 to 3.25 respectively with the doping concentration. 

Wang et al. [63] also observed a similar result when doped with iron in ZnO. They observed an 

increase in bandgap from 2.90 eV to 3.20 eV when the iron concentration was increased up to 5%. 

The d-d transition of Fe ions can explain this observed increase in bandgap energy. With microwave 

method A, bandgap energy decreased from 3.16 eV to 2.96 eV. Srinivasulu [48] also reported that 

the optical band gap of ZnO nanoparticles decreased from 3.24 eV to 3.01 eV as the iron content 

increases up to 6%. 

The decrease in band gap was also observed in Zn1-xFexO (x = 0, 0.052, 0.103, 0.157 and 0.212) 

thin films [64]. For pure ZnO film, the bandgap energy was at 3.30 eV, and the bandgap decreased 

down to 2.80 eV for x = 0.212, which was also explained due to sp-d exchange interaction between 

band electrons and localized d electrons of the transition metal ion. 

3.7 Fluorescent Lifetime Measurement 

The optical properties of iron-doped ZnO nanoparticles were further investigated by a 

fluorescent lifetime measurement. All the measurements were done at room temperature. Figure 

10 (a, b, c) shows the fluorescence decay of Fe-ZnO nanoparticles prepared by both precipitation 

and microwave method. From the figure, it can be seen that fluorescent lifetime decreases as iron 

concentration increases to 15% in both precipitation and microwave method B. 

 

Figure 10 Lifetime measurement of 10% Fe-ZnO nanoparticles prepared by (a) 

precipitation method (b) microwave method B (c) microwave method A and (d) variation 

of a lifetime with iron concentration. 
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The equation (2) of Gaussian fitting for lifetime rates can be written as [65]. 

𝐹(𝑡) = 𝐴 + 𝑏1. exp (−
𝑡

𝜏1
) + 𝑏2. exp (−

𝑡

𝜏2
) (2) 

where b1 and b2 are amplitudes and τ1 and τ2 and are the radiative decay times extracted from 

lifetime measurements. Table 4 summarizes the parameters extracted from the lifetime 

measurements. 

Table 4 Lifetime parameters of Fe-ZnO nanoparticles prepared by precipitation and 

microwave methods. 

Iron concentration Precipitation Microwave A Microwave B 

τ1 (ns) τ2 (ns) χ2 τ1 (ns) τ2 (ns) χ2 τ1 (ns) τ2 (ns) χ2 

0% 0.38 2.85 1.108 0.40 1.17 1.213 0.05 0.95 1.099 

5% 0.32 2.73 1.198 0.45 1.21 1.101 0.04 0.75 1.187 

10% 0.16 2.11 1.013 0.45 1.31 1.131 0.02 0.33 1.213 

15% 0.14 1.33 1.090 0.47 1.48 1.109 0.02 0.30 1.059 

From Figure 10 (d), the decrease in the lifetime of Fe-ZnO nanoparticles prepared by precipitation 

method and microwave method B is shown. The decrease in a lifetime with an increase in iron 

content may be due to an increase in the nonradiative transition rate. 

Li et al. also studied the lifetime measurement in In2S3: Tb3+nanoshosphors and found a decrease 

in a lifetime with increasing Tb3+ content. They reported this shortening of a lifetime with increasing 

Tb3+ is also the nonradiative transition rate due to efficient energy transfer to luminescent killer 

sites which is related to some extent of concentration quenching [66]. This decrease in a lifetime 

with an increase in iron concentration can be attributed to the overall decrease in particle size in 

precipitation and the microwave method B. As the diameter of nanoparticles decreases, the ratio 

of area to volume increases. The resulting increase in surface area with particle size can also be 

related to enhancements in surface recombination. The decay time of surface recombination 

decreases with the decreasing diameter of the nanoparticle sample [67].  

However, an increasing trend in the lifetime of Fe-ZnO nanoparticles prepared by microwave 

method A was observed with an increase in iron content of up to 15%. As discussed earlier, this may 

be due to a decrease in the nonradiative transition rate as iron content increases in the samples. A 

similar result was also observed in a recent study up to certain doping percentage [68] and was 

explained due to defect concentrations. Another study reported a decrease in a lifetime in Sm2+ 

doped CdSe nano crystal [69]. The decrease in a lifetime with an increase in Sm2+ was attributed to 

the defect complexes resulting from the doping. In a high concentration of Sm2+ doping, a large 

number of Sm2+ existed in the crystal lattice of CdSe: Sm nanocrystals, which will introduce more 

Sm-Sm ion pairs and increase the probability of non-radiative recombination. 

Hence, it was observed that the fluorescent lifetime crucially depends on the size of 

nanoparticles and the preparation method. The smaller size of nanoparticles synthesized by 
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microwave method B resulted in a shorter luminescence lifetime suggesting the reduction in 

radiative recombination which is a desirable result in many nano-technological applications [70]. 

3.8 Impedance Analysis 

The impedance spectroscopy provides an interconnection between the structural and transport 

properties in a nanomaterial. In Fe-doped ZnO nanoparticles, many defect states are arising due to 

changes in lattice parameters, an increase in oxygen vacancies, and grain boundaries due to doping. 

The creation of these defects significantly affects the transport properties of ZnO nanoparticles. We 

investigated transport properties in Fe-doped ZnO nanoparticles prepared by both precipitation and 

microwave methods by impedance analysis. 

Nyquist plot technique is one of the important techniques for representing electronic properties 

such as the impedance of electrodes, grain boundary resistance, and grain boundary capacitance 

[71]. Figure 11 (a), (b) and (c) shows the impedance spectra of Fe-doped ZnO (0-15%). 

 

Figure 11 Nyquist plot of Fe-ZnO prepared by (a) precipitation method (b) microwave 

method A and (c) microwave method B. 

Figure 11 shows the results of impedance spectroscopy plotted by the Nyquist plot. In a Nyquist 

plot, negative imaginary impedance (-Zimg) is plotted against the real impedance (Zreal). The real and 

imaginary parts of the impedance are related to the inverse of the conductance and capacitance 

respectively. Nyquist plots are analyzed by fitting them to an equivalent electrical circuit model. 

Here we have used the EIS (electrochemical impedance spectroscopy) spectrum analyzer to analyze 

our data. Based on the type of plots we can choose and/or construct different equivalent circuit 

models. 

These circuit models are constructed with different parameters in series and/or in parallel 

combinations. The EIS analyzer is based on algorithms of the PDEIS (potentiodynamic 

electrochemical impedance spectroscopy) spectrometer. This program has been adapted to solve a 

wide range of tasks in impedance spectroscopy. In addition to data fitting to equivalent circuits with 

resistors, capacitors, inductors, constant phase, etc, the EIS spectrum analyzer provides various 

tests for data consistency and quality of fit. The data in Figure 11 was analyzed by an RC parallel 

equivalent circuit. It was observed that all the samples exhibit a single semicircle pattern in the 

Nyquist plot, suggesting the dominance of grain boundary resistance over the grain resistance [72]. 

As seen in Figure 11 (a) and (c), the diameter of the semicircle increases as the iron content increases 
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and in Figure 11 (b) for the precipitation method, the diameter of the semicircle decreases as iron 

content increases for the microwave method. It has been reported in the literature that the 

resistivity of polycrystalline material in general increases with a reduction in grain size [73, 74]. 

In undoped ZnO nanoparticles prepared by the precipitation method and microwave method B, 

the grain size is at a maximum in comparison with the relative grain size of doped nanoparticles. 

From the impedance analysis, it appears that the grain size decreases with increasing iron content 

in doped samples. On the other hand, the grain size is at a minimum in undoped ZnO prepared by 

microwave method A and increases with increasing iron content. Table 4 summarizes the 

parameters extracted from the equivalent RC circuit model for the impedance analysis. 

As shown in Table 5, electrical resistance increases and the effective capacitance decreases with 

increasing iron content in precipitation method and microwave method B. However, the resistance 

decreased and capacitance increased with increasing iron content in microwave method A. These 

results are consistent with the reduction and increment of grain size prepared from precipitation 

and microwave method (B and A) respectively. Since the capacitance is directly proportional to the 

diameter of a spherical capacitor, the capacitance of nanoparticles also decreases [3] in 

nanoparticles as the size decreases. 

Table 5 Extraction of resistance and capacitance in Fe-ZnO nanoparticles. 

Fe 

(%) 

Precipitation method Microwave method (A) Microwave method (B) 

 Capacitance(F) Resistance 

(Ω) 

Capacitance(F) Resistance 

(Ω) 

Capacitance(F) Resistance(Ω) 

0 5.44 x 10-11  816 1.34 x 10-11 7630 5.60 x10-13 33711 

5 4.99 x 10-11  1308 3.12 x 10-11  6330 3.18 x10-13 36137 

10 4.12 x 10-11  2790 3.77 x 10-11 3031 2.26 x10-13 44839 

15 2.05 x 10-11  4469 4.61 x 10-11 2410 2.06 x10-13 48797 

4. Summary 

We have synthesized Fe-ZnO (0%, 5%, 10%, and 15%) nanoparticles by a precipitation method 

and a microwave-assisted method. It was demonstrated that the preparation of nanoparticles from 

the microwave method yielded a fast, relatively simple, and cost-effective technique compared to 

the precipitation method in synthesizing Fe-doped ZnO nanoparticles. The average size of Fe-ZnO 

nanoparticles prepared from the precipitation method ranged from 55-87 nm while the average 

particle size of the microwave-assisted method using water as a solvent (method A) ranged from 

51-74 nm. We also demonstrated that it is possible to obtain Fe-ZnO nanoparticles of size up to 11 

nm with the help of PVP and ethanol using a microwave-assisted deposition method in 2 minutes. 

XRD analysis confirms the single-phase wurtzite structure in all samples prepared from both 

precipitation and microwave method except for 10% and 15% Fe-doped ZnO nanoparticles prepared 

from the precipitation method. XPS analysis confirms the incorporation of iron in ZnO and supports 

the formation of secondary phase Fe2O3 in 10% and 15% Fe-doped ZnO nanoparticles synthesized 

by precipitation method. The observed bandgap energy increased from 3.13 eV to 3.19 eV and 3.22 

eV to 3.24 eV respectively in samples prepared by the precipitation method and microwave method 
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B while the band gap energy decreased from 3.16 eV to 2.96 eV when prepared by a microwave 

method A using water as a solvent. Size dependence of the fluorescent lifetime of Fe-ZnO 

nanoparticles was established from the fluorescence lifetime measurements. An increasing trend in 

the fluorescent lifetime of Fe-ZnO nanoparticles prepared by microwave method A was observed 

with an increase in iron content of up to 15%. In the Fe-ZnO samples prepared by precipitation 

method and microwave method B, the fluorescent lifetime decreased due to enhancement surface 

area. The dominance of grain boundary resistance over grain resistance was confirmed from the 

impedance spectrum using a Nyquist plot analysis. By utilizing two different solvents to prepare 

nanoparticles using precipitation and microwave-assisted deposition method of Fe-doped ZnO, we 

were able to tune the structural, optical, and electrical properties of Fe-ZnO nanoparticles. Based 

on the presented results in this work we can choose an effective way to synthesize Fe-ZnO 

nanoparticles which have a great potential for photovoltaic and optoelectronic applications. 
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