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Abstract— In the preparation of Fe doped ZnO a novel process 

is used with different doping concentrations from 2% to 10% by 

surfactant assisted combustion synthesis. The synthesized samples 

were characterized with X-ray diffraction particle analyzer and 

TEM. From X-ray diffraction, it was observed Fe-doped ZnO 

nanoparticles (NPs) have hexagonal wurtzite structure and 

further crystallite sizes were decreased with increasing doping 

concentrations. Transmission electron microscopy (TEM) showed 

that powder was polycrystalline in nature with random 

distribution of nano grained Fe doped ZnO. Using X-ray 

broadening crystalline development in the Fe doped ZnO-NPs was 

investigated. The crystallite sizes and lattice strain on the peak 

broadening of Fe doped ZnO-NPs were studied using Williamson- 

Hall (W-H) analysis and size- strain plot. Strain, stress and energy 

density parameters were calculated for the XRD peaks of all the 

samples using (UDM), uniform stress deformation model 

(USDM), uniform deformation energy density model (UDEDM) 

and by the size-strain plot method (SSP). The results of mean 

particle size of Fe doped ZnO-NPs showed an inter correlation 

with W-H analysis, SSP, and TEM results. 

Key words: Fe Doped ZnO, Surfactant Assisted Combustion 

Synthesis, XRD, TEM. 

I. INTRODUCTION 

  The important semiconductor which has been studied very 

extensively is Zinc Oxide (ZnO) for its primary and industrial 

importance. ZnO has typical properties such as transparency 

in the visible range, direct band gap, high electrochemical 

stability, toxic absorbance and plenty in nature. [1] The III–V 

and II–VI based dilute magnetic semiconductors (DMS) are 

very encouraging materials for spintronics applications as 

DMS show ferromagnetic nature at room temperature.[2] 

Extensive studies were made on transition metal (TM) doped 

II–VI and III–V compound semiconductors (such as Fe, Co, 

Ni, Mn etc.).[3-4] Deviations from perfect crystillinity 

extends infinitely in all directions, leads to broadening of the 

diffraction peaks. The crystallite size and lattice strain are the 

two main properties which could be extracted from the peak 

width analysis. Due to the formation of polycrystalline 

aggregates [5] the crystallite size of the particle is not the 

same as the particle size. The crystal imperfections could be 

measured form the distributions of lattice constants.  
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The basis of strain also includes contact or sinter stress, grain 

boundary triple junction stacking faults and coherency stress 

[6]. In different ways Bragg peak are affected by crystallite 

size and lattice strain which increase the peak width and 

intensity shifting the 2θ peak position accordingly. The 

crystallite size varies as 1/cos θ and stain varies as tan θ from 

the peak width. The size and strain effects on peak 

broadening are known from the above difference of 2θ. W-H 

analysis is an integral breadth method.  Size-induced and 

strain-induced broadening are deintricated by considering the 

peak width as a function of 2θ [7]. In this paper firstly the 

novel surfactant assisted combustion synthesis method was 

used to prepare Fe-doped ZnO nanoparticles secondly 

comparative study of the mean particle size of Fe-doped ZnO 

nanoparticles from tem measurements and from the 

powdered XRD. Using Williamson- Hall modified form 

strain, uniform deformation model (UDM), uniform stress 

deformation model (USDM), uniform deformation 

energy-density model (UDEDM) and the size-strain plot 

method (SSP) provided information on the stress-strain 

relation and the strain ε as a function of energy density (u) 

were estimated.  

II.  EXPERIMENTAL DETAILS 

A. Sample synthesis and geometric characterization 

review Stage 

The surfactant assisted combustion synthesis method paved 

the way to reduce the size of the particle with cost and time 

efficient. As many properties are dependent on the size and 

morphology this method helped to achieve the desired 

results. Zn(NO3)2 and Fe(NO3)3 oxidizers are taken in 

required stoichiometric amounts in water. After that 0.15 M 

of Glycine fuel was added to the clear solution formed by 

oxidizers, then the solution was added with 0.025 M of 

non-ionic surfactant Triton-X 100. The mixture of solution 

was then kept on a hot plate. As the temperature increased 

to100o C water slowly evaporated which led to increase in the 

viscosity of liquid and finally smoldering started leading to 

self-ignition forming the final product. The final product 

obtained was then calcined at 200o C for 1 hr to get the pure 

Fe-doped ZnO nanoparticles. Using X-ray diffractometry 

Phase growths of the ZnO-NPs were studied. The complete 

procedure can be found in the literature [8].  

III. RESULTS AND DISCUSSION  

A. XRD analysis 

Fe-doped ZnO and ZnO nanoparticles are characterized 

using XRD. In Fig 1 it can be observed that the diffraction 

peaks exhibit a single phase wurtzite structure (space group 

p63mc, JCPDF #36-1451) and exclude the existence of 

secondary or impure phases.  
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It is clearly inferred that Fe ions successfully exist in the 

lattice sites rather than interstitial sites. The peak position at 

2θ = 34.44o which corresponds to (002) plane of ZnO has 

hexagonal wurtzite structure [9]. 

 Fig. 1. XRD patterns of Fe-doped ZnO nanoparticles. (a) undoped (b) 2% 

of Fe; (c) 4% of Fe; (d) 6% of Fe; (e) 8% of Fe; and (f) 10% of Fe. 
 

As the concentration of Fe changes the peak (002) changes 

predominantly the peak (002) of all the samples are drawn in 

Fig 1(a). The peak (002) shifted towards higher angle 

compared with the undoped ZnO and there was decrease in 

intensity with increase in Fe concentration. This shifting in 

peak position and decrease in intensity reflect that Fe is 

successfully replaced Zn in ZnO matrix as diffraction of 

X-ray changes. It also suggests that with the increase in Fe 

concentration the crystalline quality of ZnO declines 

gradually [10]. 

 

 
 
Fig 1(a). XRD data of the (002) peak for undoped and Fe-doped ZnO 

nanoparticles. 
 

One, ZnO crystal lattice can restrain crystallization due to 

Fe doping. The other reason can be ascribed to smaller 

crystallite size of FexZn1−xO. The lattice constants of 

FexZn1−x O and ZnO are given in the Table. 1  

Table. 1. Unit cell Parameters of Undoped and Fe-doped 

ZnO nanoparticles. 

 

x (Fe 

addition) 

Unit Cell 

parameters 
Cell 

Volume 

(Å3) 

Scherrer 

Size 

c/a 

ratio 
a c 

0 3.252 5.214 47.76 24.3 1.602 

0.02 3.249 5.214 47.88 17.3 1.600 

0.04 3.2536 5.216 47.92 13.5 1.603 

0.06 3.256 5.220 47.93 12.3 1.600 

0.08 3.254 5.213 47.81 10.2 1.597 

0.1 3.248 5.207 47.58 9 1.602 
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B. Scherrer method 

Crystallite size and lattice strain due to dislocation can be 

calculated from peak broadening using XRD [11]. X-ray line 

broadening method was used to determine the particle size of 

the Fe doped ZnO nanoparticles using Scherrer equation. D = 

(kλ/βD cosθ), where D is the particle size in nanometers,  λ is 

the wavelength of the radiation (1.54056 Ao for CuKα 

radiation), k is a constant equal to 0.94, βD is the peak width 

at half-maximum intensity and θ is the peak position. Both 

instrument- and sample dependent effects are combination of 

the Bragg peak breadth. To remove these aberrations, it is 

needed to assemble a diffraction pattern from the line 

broadening of a standard material such as silicon to determine 

the instrumental broadening. The instrument-corrected 

broadening [12] βD corresponding to the diffraction peak of 

Fe doped ZnO was estimated using the relation: 

 alinstrumentmeasuresD
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C. Williamson-Hall methods 

Crystal imperfections and distortion of strain-induced peak 

broadening are related by ε ≈ βs/tanθ. There is an 

extraordinary property of Eq. (4) which has the dependency 

on the diffraction angle θ. Scherrer-equation follows a 1/cosθ 

dependency but not tanθ as W-H method. This basic 

difference was that both microstructural causes small 

crystallite size and microstrain occur together from the 

reflection broadening.  
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Depending on different θ positions the separation of size 

and strain broadening analysis is done using Williamson and 

Hall. The following results are the addition of the Scherrer 

equation and ε ≈ βs/tanθ. 

DShkl  +=   (5) 





 tan4)

cos
( +=
D

k
hkl   (6) 

Rearranging Eq. (6) gives: 




 sin4)( +=
D

k
hkl   (7) 

Here Eq. (7) stands for UDM where it is assumed that stain 

is uniform in all crystallographic directions. βcosθ was 

plotted with respect to 4sinθ for the peaks of Fe doped ZnO. 

Strain and particle size are calculated from the slope and 

y-intercept of the fitted line respectively. From the lattice 

parameters calculations it was observed that this strain might 

be due to the lattice shrinkage. The UDM analysis results are 

shown in Fig 2. 

 

 

 

 

 

 
Fig. 2. The W-H analysis of Fe-doped ZnO nanoparticles. Undoped, 2% of 
Fe, 4% of Fe, 6% of Fe, 8% of Fe, and 10% of Fe assuming UDM. Fit to the 

data, the strain is extracted from the slope and the crystalline size is extracted 

from the y-intercept of the fit. 
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From Uniform Stress Deformation Model (USDM) strain 

is calculated from the Hook’s Law maintaining linea 

proportionality between stress and strain by σ=Yε, where σ is 

the stress and Y is the Young’s modulus. This Hook’s law is 

valid for a significantly small strain. Supposing a small strain 

to be present in the Fe doped ZnO, Hooke’s law can be used 

here. Applying the Hooke’s law approximation to Eq. (7) 

yields: 

)
sin4

()(cos
hkl

hkl
YD

k 
 +=   (8) 

For a hexagonal crystal, Young’s modulus is given by the 

following relation [13]: 
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where s11, s13, s33, s44 are the elastic compliances of ZnO 

with values of 7.858 x 10 -12, -2.206 x 10 -12, 6.940  x10 -12, 

23.57 x10 -12 m2 N-1, respectively [14]. Young’s modulus, Y, 

for hexagonal Fe doped ZnO was calculated as ≈130 GPa. 

4sinθ/Yhkl and βcosθ were taken on x- axis and y-axis 

respectively. The USDM plots for Fe doped ZnO are shown 

in the Fig. 3. The stress is calculated from the slope. 

 

 

 

 

 

 
Fig. 3. The modified form of W-H analysis assuming USDM for 

Fe-doped ZnO nanoparticles. Undoped, 2% of Fe, 4% of Fe, 6% of Fe, 8% of 

Fe and 10%. Fit to the data, the stress is extracted from the slope and the 
crystalline size is extracted from the y-intercept of the fit. 
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The energy density of a crystal was calculated from a 

model called Uniform Deformation Energy Density Model 

(UDEDM). From Eq.8 we need to implicit that crystals are to 

be homogeneous and isotropic nature. The energy density u 

can be calculated from u = (ε2Yhkl)/2 using Hooke’s law. The 

Eq. 8 can be modified according the energy and strain 

relation. 

))
2

(sin4()( 2/1

hkl

hkl
Y

u

D

k



 +=   (10) 

4 sinθ(2u/Yhkl)1/2 and βhklcosθ  were taken on x- axis and 

y-axis respectively. From the slope the anisotropic energy 

density u was calculated and the crystallite size D from the 

Y-intercept from Fig 4. We know that σ=εY and u=(ε2Yhkl)/2 

the stress σ was calculated as u=(ε2Yhkl)/2. 

 

 

 

 

 

 
Fig. 4. The modified form of W-H analysis assuming UDEDM for 

Fe-doped ZnO nanoparticles. Undoped, 2% of Fe, 4% of Fe, 6% of Fe, 8% of 

Fe and 10% of Fe. Fit to the data, the density of energy is extracted from the 
slope and the crystalline size is extracted from the y-intercept of the fit. 

D. Size-strain plot method 

Williamson-Hall plot has illustrated that line broadening 

was basically isotropic. Due to microstrain contribution the 

diffracting domains were isotropic. Size-strain parameters 

can be obtained from the ‘‘size-strain plot” (SSP). This has a 

benefit that less importance is given to data from reflections 

at high angles. In this estimation, it is assumed that profile is 

illustrated by ‘‘strain profile” by a Gaussian function and the 

‘‘crystallite size” by Lorentzian function [15]. Hence we 

have 
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where K is a constant, shape of the particles for spherical 

particles it is given as 3/4. In Fig. 5, d2
hkl βhkl cosθ and (dhkl βhkl 

cosθ)2  were taken on x- axis and y-axis respectively for all 

peaks of Fe doped ZnO-NPs with the wurtzite hexagonal 

phase from 2θ= 20 o to 2θ= 80 o. The particle size is calculated 

from the slope linearly fitted data and the root of the 

y-intercept gives the strain. 

 

 

 
 

 

 

 
 

Fig. 5. The SSP plot of Fe-doped ZnO nanoparticles. Undoped; 2% of Fe; 
4% of Fe; 6% of Fe;  8% of Fe; and  10% of Fe. The particle size is achieved 

from the slop of the liner fitted data and the root of y-intercept gives the 
strain. 

E. TEM method 

The size and shape of the NPs could be best examined by 

TEM micrographs. Fig. 6 displays a TEM image of undoped 

and Fe doped ZnO-NPs. It was observed that the morphology 

of the ZnO-NPs was spherical and with a smooth surface. 

Fig. 7 displays SAED pattern of Fe doped ZnO nanoparticles. 

In the table 2, the results attained from Scherrer method, 

UDM, USDM, UDEDM, SSP models and TEM are 

summarized. The average crystallite size of the Fe doped 

ZnO NPs decreased with increase in the Fe concentration 

from the different models implying that the inclusion of strain 

in different forms has very little effect on the average 

crystallite size. 

 
 
Fig. 6. TEM micrographs of Undoped and Fe-doped ZnO nanoparticles . 

This figure shows a nonuniform strain for some of the 
ZnO-NPs. 
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Table. 2. Geometric parameters of Undoped and Fe-doped ZnO nanoparticles. 

 

Sample 

Name 

Williamsom-Hall Method 
Size-Strain Plot 

Method 

UDM USDM UDEDM 

% of Fe 
D ε no D ε no σ D ε no σ u D ε no 

(nm) Unit x10-3 (nm) Unit x10-3 (Mpa) (nm) Unit x10-3 (Mpa) (kJm-3) (nm) Unit x10-3 

0 22.5 1.38 22.98 1.45 110.32 22.2 1.38 108.32 44.57 20.3 1.42 

0.02 15.3 2.031 15.76 2.12 116.54 15.4 2.25 115.23 49.24 14.5 2.19 

0.04 11.4 2.86 11.91 2.75 119.25 11.2 2.66 118.85 54.67 11.02 2.8 

0.06 10.7 3.5425 10.88 3.62 121.32 10.1 3.37 121.54 62.63 9.9 3.53 

0.08 8.1 4.2135 8.79 4.51 123.14 8.41 4.18 124.57 74.51 8.1 4.38 

0.1 7.5 5.5314 7.93 5.35 124.85 7.31 5.24 126.21 87.54 7.2 5.29 

 

 
 

Fig.7. SAED pattern of Fe doped ZnO 

IV. CONCLUSIONS 

The novel surfactant assisted combustion synthesis 

method was useful in successfully doping Fe in ZnO 

nanoparticles and as a function of doping concentrations and 

characterized by powder XRD and TEM. The XRD pointed 

out that the wurtzite structure Fe doped ZnO Nano particles 

were free from any pyrochlore phase even after doping with 

Fe as Fe was slightly doped. It is clearly observed that the 

peak (002) position shifted towards bigger angle compared to 

the undoped ZnO and also it was seen that the peaks 

decreased in intensity with increase in Fe concentration. This 

shifting in peak position and decrease in intensity reflected 

that Fe was successfully replaced Zn in ZnO matrix as 

diffraction of X-ray changes. This broadening was analyzed 

by the Scherrer formula, modified forms of W-H analysis and 

the size-strain plot method. From the results, it was observed 

that the strain value decreased but the particle size increased 

as doping concentration increased. The TEM results were in 

good agreement with the results of the W-H and the SSP 

methods. 
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