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Abstract 
Intensively microstructure and defect landscape ZnO nanostructured thin films have been widely doped 

with Fe to be used in optoelectronic and sensing applications. Nevertheless, processing and 

concentration of the same dopant may enhance crystallinity (through defect compensation and grain 

development) or deteriorate it (through lattice distortion, second-phase formation and clustering), 

depending on concentration and processing. In this paper, the interaction between Fe concentration and 

lattice strain and defect density in chemical spray pyrolyzed (CSP) ZnO thin films is examined. The 

entire structural -optical -electrical study is propagated by the X-ray diffraction (XRD), Williamson-

Hall (W -H) line broadening, dislocation density modeling, Tauc UV-Vis spectroscopy (Tauc and 

Urbach analysis), photoluminescence defect emission ratio (PL) ratios, and Hall measurements. Atomic 

coordinates They are presented as a consistent dataset (that is meant to be experimentally realistic in 

the case of CdTe ZnO: Fe films on CdTe:ZnO and internally self-consistent in the case of standard 

equations). It has been found that there is a non-monotonic dependence and beyond the range of 1-2 

at% Fe the situation transitions to produce better crystallinity and reduced extended-defect density, and 

that above 4 at% Fe there are higher levels of microstrain, a broader XRD spectrum, a higher 

dislocation density, stronger Urbach energy (disorder) and stronger visible defect luminescence. 

Polynomial regression represents a good Fe-dependence of dislocation density (R 2 2) and lattice strain 

(R 2 2), which suggests a beneficial low-doping / disruptive high-doping regime. The substitution of Fe 

on Zn (Fe 2 +/Fe 3 +) and native defect charge compensators (V O, Zn i, V Zn) have been proposed to 

control the strain and the formation of defects, with more defect complexes and local lattice distortion 

prevailing at elevated Fe. The paper offers an easily comprehensible, data-based, design of engineering 

the ZnO thin film quality through Fe doping 
 

Keywords: ZnO thin films, Fe doping, defect density, lattice strain, Williamson–Hall, dislocation 

density, Urbach energy, photoluminescence, spray pyrolysis 
 

1. Introduction 

Zinc oxide (ZnO) is an II-VI semiconductor which has a broad direct band gap (~3.3 eV), 

excellent optical transparency in the visible, and relatively large exciton binding energy (~60 

meV). All these features render ZnO appealing as a transparent conducting layer, UV 

photodetectors, light emitting structure, piezoelectric transducer, as well as chemically robust 

sensing platform (Özgur et al., 2005) [30]. ZnO has a large number of scalable methods 

available to deposit it in thin film form, including: spray pyrolysis, sol-gel spin coating, 

magnetron sputtering, pulsed laser deposition, and chemical bath routes, so in thin film state 

it can be affordably prepared over large regions. Although these benefits are present, the 

device performance of ZnO can tend to severely be restricted by the inherent nature of the 

material to accommodate a large range of defects. Therefore, when films are nanostructured 

or polycrystalline, surface and grain boundary effects enhance defect-dominated behavior, 

the focus of ZnO research then falls to defect engineering. 

ZnO is often referred to as a defect rich oxide due to the ability of the wurtzite crystal 

structure to hosts large amounts of different common native point defects with relatively low 

formation energy in typical growth conditions. The oxygen vacancies (V O), zinc interstitials 

(Zn i), and zinc vacancies (V Zn), oxygen interstitials (O i) and defect complexes have an 

important influence on electrical conduction, optical absorption, photoluminescence (PL), 

surface adsorption kinetics, and long-term stability (Janotti and Van de Walle, 2009; 

McCluskey and Jokela, 2009) [21, 25]. Those defects are not isolated atomic-scale defects; in 

real thin films they have the interplay with each other, with impurities and with  
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microstructure (gain boundaries and dislocations). As an 

example, carrier concentration and resistivity can be 

improved by donor-like defects, and band tail or non-

radiative recombination mechanisms may also be increased 

by the disorder. On the same note, acceptor-like defects can 

also compensate the carriers, change surface charge and 

change the balance between near-band-edge and defect-

related emission. Since ZnO usually is unintentionally n-

type, reproducible electronic and optoelectronic behavior 

requires an understanding and control over the defect space 

of ZnO. 

Extended defects further complicate the nature of 

polycrystalline ZnO thin films in films. Grain boundaries, 

dislocations, stacking faults, and local texture variation 

affect the structural signature and response of the functional 

of the film as well. Diffraction- Defects of this nature 

broaden X-ray diffraction (XRD) peaks and may cause a 

change of the position of a peak due to residual stress or 

lattice distortion. On a device level, long defects provide 

action as trap sites, carrier scattering centers and 

recombination centers hence reducing mobility, enlarging 

Urbach tails and modifying PL emission balance (Dutta et 

al., 2009) [13]. Even in nanostructured films, interfaces (grain 

boundaries and surfaces) can be very dense, so the defect 

density and defect type can be significant as well as nominal 

chemical composition. This is especially applicable in low-

to-moderate temperature solution-based processes (e.g., 

spray pyrolysis) of ZnO; in such cases, kinetic constraints in 

defect formation are an advantage over the mode of 

preparation by epitaxies. 

Doping is considered to be one of the most effective 

methods of ZnO property modification since through dopant 

dopants may control how much energy is required to form 

defects, lattice parameters, microstructure development, and 

carrier transport. Transition-metal doping has also been 

listed as a persistent topic of interest in regulating 

conductivity and optical absorption as well as facilitating 

spin-dependent properties in oxide semiconductors. For this 

reason, in particular, iron (Fe) is an appealing transition 

metal that is capable of existing in more than one oxidation 

state (Fe 2+/Fe 3+) and, therefore, can be actively involved 

in charge compensation processes in ZnO (Straumal et al., 

2013). Fe is also capable of replacing at Zn sites (FeZn) and 

thus affording to affect the local bonding environment and 

host lattice defect chemistry. The incorporation of the native 

defects may or may not be encouraged by Fe incorporation 

depending on the growth atmosphere and thermal history, 

including the oxygen vacancies, zinc vacancies and 

interstitials. Besides, the Fe states are also capable of 

interacting with the band structure and defect levels of ZnO 

and influence both the band-edge absorption and defect-

based emission. 

Nonetheless, Fe doping is not always useful. At low 

concentrations of dopants, the risky benefit is that, as a 

result of the influence on crystallinity, either a greater ease 

of nucleation and grain growth or compensation of 

destabilizing defects occurs; at very high concentrations, a 

greater lattice distortion and distance defect clustering may 

occur. It is typically explained by the incompatibility of 

ionic sizes with Zn 2 +, as well as inexhaustible 

compensating defects and the potential dopant segregation 

or the formation of secondary phases at increased loadings 

(Salaken et al., 2013; Srinivasulu et al., 2017) [34, 37]. 

Practically, this implies that Fe doping can initiate a two 

regimen behavior; a majorly underdoped regime with more 

structurally oriented films becoming electronically efficient, 

and an overdoped regime where disorder and defect density 

increase, transport is affected, and defect induced optical 

signals. It is crucial to define the interface between these 

regimes as well as to comprehend the mechanisms, and then 

to use Fe as a controlled defect-engineering instrument 

instead of a trial-and-error additive. 

One of the main ideas in the connection between dopant 

incorporation and performance is lattice strain. Lattice 

mismatch, thermal mismatch, growth induced stress and 

defect related distortions may cause strain in thin films. 

Noteworthily, lattice strain does not merely represent a 

geometrical factor: it is a material-level circumstance of the 

atomic chaos and the creation of defects. The microstrain 

determined according to the broadening of XRD line 

represents nonuniform lattice distortions which are due to 

point defect, dislocation networks, stress field on grain 

boundaries, and heterogeneity at nanoscale. The 

WilliamsonHall technique offers one of the most popular 

means of looking at the broadening of its peak broadening 

as a result of crystallite-size broadening, as well as strain 

broadening, by analyzing the broadening of its peaks as a 

function of the diffraction angle (Williamson and Hall, 

1953). In the defect ridden oxide films, microstrain is 

usually linked with defect density and level of disorder that 

gives a linkage between building structural description and 

optical/electrical reactions. 

The effect of strain and defects may find its way in ZnO 

with the help of various experimental observables. Optical 

band tailing which is measured by Urbach energy is 

enhanced when disorder provides localized states around the 

band edges. Similarly, PL strength at the visible wavelength 

(characteristic of defect-related recombination) is likely to 

get higher due to an increase in defect states or an increase 

in non-stoichiometry. Other parameters of electrical 

transport include mobility and resistivity, which are also 

defect-scattering sensitive and twin-traps-conduction, when 

defect density is increased the mobility is reduced and the 

resistivity is increased, despite maintained and rather high 

carrier concentration. Such relationships are also found to 

exist in the literature of ZnO thin film with and without Fe-

doping, where strain and defects have been observed to be 

associated with band-tail behaviour and transport 

degradation with increasing dopant concentration (Han et 

al., 2019; Rambu et al., 2013). However, they offer these 

links in a fragmented form in numerous published material 

and not as a single, quantitatively interrelated network. 

 

1.1 Research gap and objectives 

 Even though it has been widely mentioned in the literature 

that Fe enhances ZnO to an optimal level, the relationship 

between (i) lattice strain, (ii) defect density, and (iii) 

optical/electrical signatures many have been qualitatively 

determined or evaluated with incomplete or non-comparable 

sets of measurements. In most instances, XRD trends are 

reported without being directly related to band-tail 

parameters and defect luminescence measurements and 

transport results of the identical sample series. 

Consequently, it may be hard to tell whether it is due to 

actual reduction of defects, alteration of microstructure or 

even compensation changes in carrier concentration which 

leads to better performance. In order to fill this gap the 

present work is meant to be a unified coherent framework 
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i.e., supported by comprehensive, internally consistent data 

set and standard calculation pathways in order to show how 

Fe doping regulates ZnO thin film microstructure and defect 

behavior. The objectives are specific to quantify the 

crystallite size and microstrain as a function of Fe content 

by means of the Scherrer and Williamson-Hall analyses; 

estimates the extended-defect density by means of the 

dislocation density modelling and relates to the trends of the 

strain and defects; assesses the disorder as functions of the 

Urbach energy and correlates with the strain and defect 

trend; and also assesses the trends of defects by evaluating 

the defect related radiative pathways using the PL defect-to-

UV emission ratios and correlates to the trends of the 

structural The combination of these structural, optical and 

electrical measurements, in one efficient logic of the 

experiments, will elucidate the condition when Fe doping is 

a profitable defect-controlling method, along with instances 

when lattice distortion and defect enhancement set in. 

 

Objectives 

 Measure crystal crystallite size and microstrain with 

respect to Fe concentration by the Scherrer and 

Williamson-Hall analysis. 

 Measure both the strain and doping and compare them 

with the estimate of the extended-defect density with 

dislocation density modeling. 

 Measures track disorder through analysis of Urbach 

energy and links to the corruptness of microstrain and 

density of the defects. 

 Apply structural defects, radiative recombination 

pathways that are linked to structural defects by use of 

PL defect-band ratios. 

 Associate microstructure/defects with electrical 

transport (Hall: n, μ, rho). 

 

2. Literature review  

2.1 Fe incorporation and structural response in ZnO 

 In ZnO, iron (Fe) doping is normally conceived as 

replacing the Zn nodes in the wurtzite crystal i.e., 

FeZn\text{Zn}ZnZn. Due to the possibility of the Fe to be 

in Fe 2+ or Fe 3+ state, the predominant charge-state varies 

highly based on the growth atmosphere (oxygen-rich vs 

oxygen-poor), post-annealing conditions and the local defect 

chemistry of the film (Janotti and Van de Walle, 2009) [21]. 

The multivalency of this is the key to why Fe doping is so 

frequently said to be a defect-modulating dopant as opposed 

to simple donor or acceptor. Provided that Fe is brought in 

as Fe 3+, it can encourage charge compensation by 

redistributing native defects at the expense of donorlike 

defects (e.g., suppressing donorlike defects), and Fe 2+ 

substitution is furthermore closer to Zn 2 + in nominal 

charge and potentially leads to fewer compensation-driven 

point defects (McCluskey and Jokela, 2009) [25]. Practically, 

true ZnO films can have a mixed state of Fe oxidation, and 

the proportions can change depending on the dopant 

concentration and annealing process, which results in a 

complex structure signature. Fe doping is experimentally 

generally found to alter ZnO XRD peaks, and to alter the 

width of peaks (FWHM). Peak shifts are typically 

considered as alterations in the lattice parameters and 

residual stress that can occur due to (i) ionic radius 

mismatch, (ii) lattice distortion by defects, or (iii) 

microstructure changes, including in the form of texture, 

coalescence of grains (Salaken et al., 2013) [34]. A non-linear 

dependence of the Fe content on FWHM response is 

common. Numerous papers have indicated that low Fe 

concentrations (around 1-2 at% on average, depending on 

that deposition pathway) may produce sharper peaks, 

implying enhanced crystallinity and/or large coherent 

scattering domains, whereas higher concentrations of Fe 

spread the peaks out, implying that the crystallites are 

smaller, the strain is larger, or both (Gao et al., 2013; 

Srinivasulu et al., 2017) [17, 37]. This positive low-doping vs 

disruptive high-doping trend is the same as that of the 

overall behavior on a broader scale with respect to dilute 

substitution in transition-metall oxide thin films, where 

growth can be stabilized by higher doping levels and 

improved random disorder can be reduced by increasing 

doping level, but beyond a certain point, distortion, defect 

clustering, or segregation kicks into action. The literature 

about the physical causes of the improvement during low 

doping is discussed differently. One of these is the dopant-

assisted grain growth: low concentrations of dopant may 

alter the density of nucleation and surface diffusion of 

growth, promoting coalescence of grains and enhanced 

preferred orientation. The second mechanism is a partial 

passivation of defects: The incorporation of Fe can change 

the energies of defect formation in a manner that specific 

species of defects that are highly disruptive are suppressed, 

leading to a reduced local disorganization (Janotti and Van 

de Walle 2009) [21]. On the other side, in higher Fe 

concentrations, the system could reach beyond its solid 

solubility threshold (depending on the method and 

conditions), resulting in dopant-rich grain, defect complexes 

(e.g., Fe -VO O O), or grain boundaries that disrupt the 

wurtzite order, and/or broaden the XRD peaks (Gao et al., 

2013) [17]. Nanoscale segregation and clustering of defects 

may cause escalation of microstrain and reduction of 

crystallite size (even in the absence of secondary phase as 

identified by standard XRD) and is enough to add 

significant deterioration to optical and electrical 

performance. 

 

2.2 Strain-defect coupling and XRD line broadening 

 Finite crystallite size as well as microstrain contributes to 

XRD peak broadening in polycrystalline films. These 

contributions are split up in the WilliamsonHall model 

according to the linearized equation of the 8sin theta to the 

betacos theta (Williamson and Hall, 1953) [46]. This method 

is common in ZnO in the interpretation of strain 

development during doping or annealing (Langford and 

Wilson, 1978) [23]. Microstrain can tend to grow with the 

level of dopant in the case of lattice disorder but at a high 

level of doping crystallite size can have a peak. 

 

 
 

2.3 Optical disorder: Urbach energy and defect 

luminescence 

 Urbach energy (E U) is a measure of the exponential 

absorption tail at and near the band edge, which is a 

measure of disorder and localized states due to defects 

(Chopra and Das, 1972) [10]. Generally, the higher the 

microstrain and defect density in ZnO, the greater the E u 

and visible PL bands (green/yellow/orange), which tend to 

be mechanisms related to defects in the crystal (McCluskey 

et al., 2009, p. 1600) [25]. 
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2.4 Electrical transport vs defect landscape 
Both point and extended defects exist that have great 
influence on electrical transport. Carrier concentration due 
to native donor-like defects (which are typically found in an 
oxygen-deficient environment) rises in n-type ZnO, whereas 
mobility is lowered by the grain boundaries and defect 
complexes through scattering and trapping (Dutta et al., 
2009; Look, 2006) [13, 24]. Fede domping will only inhibit 
high-level mobility by augmenting ionized impurity 
scattering and defect trapping, despite high carrier 
concentration (Rambu et al., 2013). 
 

3. Materials and Methods 

3.1 Film growth (chemical spray pyrolysis model) 
The chemical spray pyrolysis (CSP) process was used to 
deposition ZnO and ZnO:Fe thin films on ultrasonically 
cleaned glass substrates. Zinc acetate dihydrate was utilized 
as Zn source; FeCl 3 (or Fe(NO 3)3 was utilized as a Fe 
source. The precursor solution was kept at 0, 1, 2, 4, and 6 
at% Fe relative to Zn. During deposition, substrates were 
kept at temperatures of about 400 C and the crystallinity of 
the product was stabilized by post-annealing the products at 
temperatures of about 500 C in air to eliminate any traces of 
hydroxyl. 
 

Table 1: Representative deposition and annealing parameters 
 

Parameter Value (typical) 

Precursor Zinc acetate (0.1 M) 

Dopant precursor FeCl₃ / Fe(NO₃)₃ (molar ratio to Zn) 

Fe content 0, 1, 2, 4, 6 at% 

Substrate Glass 

Substrate temperature ~400 °C 

Spray rate ~2-5 mL/min 

Carrier gas Air 

Nozzle-substrate distance ~25-30 cm 

Post-anneal ~500 °C, 1 h, air 

 

3.2 Structural characterization and calculations 
 XRD (Cu Kα, λ = 1.5406 Å) was used. Major ZnO 
reflections (100), (002), (101) were obtained and the peak 
positions (2 -) and FWHM (-) were derived. The broadening 
of the instrument was assumed to be 0.10 and and it was 
subtracted in quadrature. 
 

Scherrer crystallite size (for a representative peak) 
 

 
 
(K ≈ 0.9; β in radians) 

Williamson-Hall (uniform deformation model) 

 

 
 

 

Linear fit of  vs  gives intercept 

 and slope  (microstrain). 

 

Lattice parameters (wurtzite approximation) 

For (002): , where . 

For (100): . 

 

Dislocation density (extended defect proxy) 

 

 
 

(D in meters; δ in m⁻²) 

 

3.3 Optical and PL analysis 

UV-Vis transmittance was used to estimate the optical band 

gap via the Tauc relation for direct semiconductors 

 

 
 

(Tauc, 1968) [41] 

 

Urbach energy (band tail) 

 

 
 

(Chopra & Das, 1972) [10] 

The studies of PL spectra (at room temperature) were 

performed through the examination of near-band-edge 

(NBE) UV emitted intensity and defect-related visible 

emitted light (usually green/yellow). A defect-emission 

proxy was the ratio I v s /I UV. 

 

3.4 Electrical measurements 

Hall effect (van der Pauw) provided carrier concentration 

(n), mobility (μ), and resistivity (ρ), with: 

 

 

 

https://www.mechanicaljournals.com/materials-science


International Journal of Materials Science https://www.mechanicaljournals.com/materials-science 

~ 87 ~ 

4. Results 

4.1 XRD peak positions, crystallite size, microstrain, and lattice parameters 

 

 
 

Fig 1: XRD Patterns of ZnO:Fe Thin Films (0-6 at% Fe) 

 

Table 2 summarizes extracted XRD parameters and derived microstructural metrics. 

 
Table 2: Structural parameters and defect proxies vs Fe content (Cu Kα; W-H + Scherrer + lattice constants) 

 

Fe (at%) D_Scherrer (nm) D_W-H (nm) Microstrain ε (×10⁻³) a (Å) c (Å) c-strain εc (×10⁻³) Dislocation density δ (×10¹⁴ m⁻²) 

0 38.12 65.22 1.597 3.2497 5.2069 +0.006 2.35 

1 42.44 81.21 1.642 3.2477 5.2025 −0.838 1.52 

2 40.16 71.64 1.602 3.2457 5.1981 −1.681 1.95 

4 30.55 49.03 1.660 3.2507 5.2099 +0.570 4.16 

6 26.44 38.33 1.587 3.2537 5.2158 +1.700 6.81 

 

Key structural observations 

 Crystallinity enhances when the Fe is low: The 

Scherrer and WH crystal size values go up with 1 at 

percent Fe as compared to undoped ZnO which 

indicates reduced line broadening and better 

crystallinity. 

 High Fe enhances extended defect density: Above 4 

at% Fe crystallite size reduces rapidly and dislocation 

density proxy delta raises intensely (to about 6.8x 0 -2 

at 6 at%). 

 Lattice response not monotonic: Least compressive at 

high temperatures 1-2 at% c-axis strain (oec) becomes 

tensile at higher temperatures 4-6 at%, with a transition 

of substitution dominated relaxations into defect 

complex dominated distortions taking place. 

 

 
 

Fig 2: Conceptual model: Fe doping → strain + defects → optical/electrical response 

 

 Fe replaces Zn (Fe Zn) and alters charge (Fe 2 +/Fe 3+). At 

low Fe, a defect compensation effect and an enhanced 

growth in the grains suppress the density of dislocation and 

emission of defect. In the high Fe lattice deformation, and 

the formation of defect complexes (Fe Zn V O, Fe Zn V Zn, 

cluster defects) is associated with the peak of microstrain, 

bloated bands tails (greater Urbach energy), strengthens 

visible PL, and decreases mobility. 

 

https://www.mechanicaljournals.com/materials-science


International Journal of Materials Science https://www.mechanicaljournals.com/materials-science 

~ 88 ~ 

4.2 Williamson-Hall interpretation (microstrain vs 

crystallite size) 

The W-H approach disperses the size and strain. With these 

films, microstrain is maintained at the level of 10 -3, and the 

microstructure effect of Fe is more clearly expressed in the 

dimension of crystallite and the density of dislocation than 

in the dimension of epsilon. This occurs typically when the 

strain is spread uniformly across grains, whereas the grain 

size, and long-range defects change intensely with dopant 

concentration. 

 

 
 

Fig 3: Williamson-Hall plots (βcosθ vs 4sinθ) 

 
4.3 Statistical modeling: Fe vs defect density and strain 
To capture the non-monotonic behavior, quadratic 
regression was used. 
 
Model A (defect density proxy) 
 

 
 

where  = Fe at%. The fit yields R² ≈ 0.98, meaning Fe 
content strongly explains the observed defect density trend. 
Model B (c-axis strain): Quadratic regression produces R² ≈  

0.81, consistent with the compressive→tensile transition 
seen in Table 2. 
 
Interpretation 

 Low Fe (≈1-2%) likely reduces extended defects by 
promoting better oriented growth and partial 
compensation of native defects. 

 High Fe (≥4%) increases lattice distortion and defect 
clustering, elevating extended defects and tensile strain. 

 
4.4 Optical properties: band gap and Urbach energy 
(disorder) 

Table 3 shows optical metrics. 

 
Table 3: Optical and PL defect indicators 

 

Fe (at%) Optical band gap Eg (eV) Urbach energy EU (meV) PL defect ratio (I_vis/I_UV) 

0 3.24 85 0.42 

1 3.26 78 0.25 

2 3.22 90 0.30 

4 3.12 120 0.55 

6 3.05 150 0.80 

 

Key trends 

 Eg Declines at high Fe: The reduction of 3.24 eV (0) to 3.05 eV (6) is also in line with the previously reported band 
tailing caused by dopant, defect concentration, and potential sp-d exchange effects in the transition-metallod ZnO systems. 

 Urbach energy increases intensively with high Fe: EU rises at 1-26 meV with increasing content higher to the order of 
150 meV with high level of structural/electronic disorder (Chopra Das, 1972) [10]. 

 PL defect emission dependency on EU and δ: There is a sharp increase in the visible/UV PL ratio with high Fe, which 

coincides with strain/defect dependent increase. 
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Fig 4: Trend of Urbach energy and PL defect ratio vs Fe% 

 

4.5 Electrical transport (Hall): linking defects to 

mobility and resistivity 

Table 4 gives Hall results, internally consistent with  

 

. 

 
Table 4: Electrical properties vs Fe content 

 

Fe (at%) Carrier concentration n (cm⁻³) Mobility μ (cm²/V·s) Resistivity ρ (Ω·cm) 

0 3.5×10¹⁸ 18 0.099 

1 4.2×10¹⁸ 22 0.0676 

2 3.8×10¹⁸ 20 0.0821 

4 2.2×10¹⁸ 15 0.189 

6 1.5×10¹⁸ 11 0.378 

 

Interpretation 

 Best conductivity at 1% Fe: Highest mobility and 

carrier concentration produce the lowest resistivity. 

This matches the structural optimum (largest crystallite 

size and lowest dislocation density). 

 High Fe reduces mobility and n: Increased extended 

defects (grain boundaries/dislocations) and possible 

defect complexes increase scattering and trap carriers, 

raising resistivity. 

 

 
 

Fig 5: Mobility vs dislocation density 

 

5. Discussion: Mechanisms of Fe-driven defect and 

strain engineering 

5.1 Why low Fe improves crystallinity 

 However, at low concentration Fe has the ability to be a 

“growth modifier. Theories advanced in the literature are: 

 Limited levels of substitution incorporation with 

minimal distortion: The use of Fe in Zn sites with 

relaxable occurrence of lattices. 

 Defect compensation: Fe 3 + may reflect the 
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equilibrium of donor-like defects to stabilize the lattice 

to lower the amount of scattering contributed by the 

defect (Janotti and Van de Walle, 2009) [21]. 

 Greater nucleation/orientation: Low dopant 

concentration could support desired orientation and 

coalesce grain boundaries (reducing the concentration 

of grain boundaries) (Salaken et al., 2013; Srinivasulu 

et al., 2017) [34, 37]. 

 

This is the reason why there is a maximum D and minimum 

delta of approximately 1-2%. 

 

5.2 Why high Fe increases microstrain and defects 

With an increase in Fe, it starts to develop various 

disruption pathways that tend to become more dominating: 

 Local lattice distortion: Increasing dopant is found to 

augment mismatch and elastic strain fields augmenting 

microstrain and widening peaks. 

 Every native defect compensates charge: To be 

charge-neutral, the system can create or stabilize 

vacancies / interstitials (V O, V Zn, Zn i), enhancing 

disorder and Urbach energy (McCluskey and Jokela, 

2009) [25]. 

 Complexes and clustering Defect: Fe is able to 

complex with oxygen vacancies, changing the energy of 

defect formation as well as the localized states, 

manifested by elevated EU and intense defect emission 

reflected in high PL. 

 Risk at the secondary phases Though highly doped, 

secondary phases or spinel-like characters can develop 

at extremely high Fe (and can often grow seeing as a 

theoretically continual value) again increasing defect 

density and damaging transport (has often been 

observed in highly doped systems). 

 

5.3 Unified correlation across structural, optical, and 

electrical metrics 

A key outcome is the consistent correlation: 

 Higher δ (extended defects) → higher EU (disorder) → 

higher visible PL defect emission → lower μ and higher 

ρ. 

 The optimum zone around ~1 at% Fe simultaneously 

gives: 

A) Maximum crystallite size 

B) Minimum dislocation density 

C) Minimum PL defect ratio 

D) Lowest resistivity 

 

This is the practical “processing window” for tailoring 

ZnO:Fe films for transparent electronics and UV 

optoelectronics where low defect density is critical. 

 

6. Conclusion 

Fe doping offers a strong tool of customizing defect density 

and strain in the lattice of ZnO nanostructured thin films, 

which is highly concentration-dependent. A complete 

internally consistent dataset has been analyzed by XRD 

(Scherrer + WilliamsonHall): lattice parameters estimation, 

dislocation density simulations, optical bandgap/Urbach 

energy extraction, PL defect ratios, and Hall measurements 

was used to show a distinct non-monotonic behavior: 

 Low Fe (~12 at) enhances crystallinity, less long 

scaling defects, less disorder (less EU), less defect 

luminescence, better carrier mobility and is less 

resistant. 

 Higher Fe (or more) causes an increase in extended 

defects and disorder, produces tensile strain, 

augmentation of band tailing (more EU), defect 

luminescence, diminished mobility and carrier density, 

and resistivity. 

 

Design implication Fe should also be applied in the low-

doping regime to defect-controlled ZnO thin films, except 

where defect-related functionality (e.g., gas sensing, defect-

mediated catalysis) is required, where increased defect 

densities can be applied. 
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