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ABSTRACT

Nanocrystalline spinel NixZn1-xFe2O4 (x = 0.0, 0.3, 0.5, 0.7) thin films have been

deposited on glass substrate at temperature 350 �C via spray pyrolysis from

metal nitrate aqueous solution. The thickness of the films ranges from 191 to

203 nm, whereas the average crystallite size ranges from 40 to 37 nm. The X-ray

diffraction patterns confirm that the samples are well crystallized in the face-

centered cubic spinel structure. Using cation distribution, the variation of the-

oretical and experimental lattice constant with Ni content is shown explicitly.

The results of the optical measurement suggest that the Ni–Zn ferrite thin films

are of direct band gap semiconductor and band gap energy varies from 2.50 to

2.23 eV. The Photoluminescence (PL) spectra of Ni–Zn ferrite thin films show

that the emissions are due to the defect state transitions. The electrical resistivity

for Ni–Zn ferrite thin films was measured as a function of temperature. The Hall

constant, mobility, and carrier concentration of Ni–Zn ferrite thin films were

calculated from the Hall effect study. It is found that the Ni–Zn ferrites are

n-type semiconductor for x = 0.0, 0.3, 0.5 and starts to enter into p-type domain

for x = 0.7.

1 Introduction

Spinel and garnet ferrites received considerable

research interest having their possible potential

applications in the field of science and technology

including microwave application. For example, the

ferrite thin films can be used in future radar and

communication systems, transformers core, wastew-

ater treatment, ferro-fluids, catalysts, etc. [1–7]. The

spinel ferrites have been manufactured in the form of

nanostructured thick and thin films since 1990s [8].

Nevertheless, compared to other spinel ferrites, zinc

ferrites (ZnFe2O4) have gained special focus due to

the use of semiconductor photo catalyst with band

gap 1.9 eV [9]. ZnFe2O4 is an important class of oxi-

des having general formula AB2O4, that contains two

sub lattices named tetrahedral site and octahedral site

in which Zn2? ions occupied in the A-site and Fe3?
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ions in the B-sites [10]. The cation distribution of

these two sites strongly affects the electrical and

magnetic properties of ferrite [11–14]. Among the

various ferrites, Ni–Zn ferrites can be used generally

for both high- and low-frequency devices as they

have mechanical hardness, high Curie temperature,

and low dielectric losses. Now in the modern tech-

nology, the bulk Ni–Zn ferrite components is

incompatible with the fast growth of electronic

applications which requires downsizing, lightweight,

and multifunctional flexibility. To resolve complica-

tions in carrying out the desired miniaturization for

devices, focus has been mostly paid on Ni–Zn ferrite

films. The present investigation on Ni–Zn ferrite has

focused to fabricate nanosized ferrite particles to

diminish energy losses. It is necessary to attain ferrite

materials in thin film form to easily integrate them

into electronics devices [15]. In this context, study of

structural, electrical, and optical properties of the

materials is important. Moreover, in practice, mate-

rials that exhibit optical properties have special

importance for applications directly linked with optic

devices as filters, modulators, and switches. Hence,

the research on Ni–Zn ferrite thin films is of special

significance for their prospective implementation to

sensor and on-chip integrated devices.

Ferrite nanomaterial can be produced through

various methods such as citrate-route [16] wet

chemical method [17], spin-coating method [18],

mechanical alloying method [19], combustion

method, etc. [20]. Spray pyrolysis holds different

types of benefits such as excellent control of chemical

uniformity, high purity, and stoichiometry of multi-

component system compared to other chemical

deposition methods [21]. The other favor of the spray

pyrolysis method is that it can be accommodated

without difficulty for generation of large-area films

[22]. Currently, some research on Ni–Zn ferrite

nanoparticles has been performed including synthe-

sis of nanosized nickel zinc ferrite using electric arc

furnace dust and ferrous pickle liquor [23], structural

and magnetic properties of Ni–Zn ferrite nanoparti-

cles synthesized by a thermal decomposition method

[24], effect of Ni–Zn ferrite nanoparticles upon the

structure, magnetic, and gyromagnetic properties of

low-temperature processed LiZnTi ferrite [25]. The

improved saturation magnetization and initial per-

meability in Mn–NiZn ferrites after cooling in vac-

uum have also been reported [26]. In addition, a few

works on microstructural, magnetic, and optical

properties of Ni–Zn ferrites via spray pyrolysis have

been focused [27, 28]. However, it is also crucial to

study electric properties of the Ni–Zn ferrites along

with other surface and physical properties consider-

ing practical demands. Therefore, the purpose of the

current work is to set nanocrystalline NixZn1-x Fe2O4

thin films on glass substrates through spray pyrolysis

and to study their structural, optical, dielectric, and

electrical properties in details.

2 Experimental details

The preparation of experimental samples of Nix-
Zn1-xFe2O4 (x = 0.0, 0.3, 0.5, 0.7) was carried out by a

conventional spray pyrolysis method. The appropri-

ate volumes of 0.1 M Zinc nitrate hexahydrate

[Zn(NO3)2�6H2O (98%, LOBA Chemie)], 0.1 M Iron

nitrate nonahydrate [Fe(NO3)3�9H2O (98% Merck],

and 0.1 M Nickel nitrate hexahydrate [Ni(NO3)3-
6H2O, 99.9% pure, ALDRICH] were mixed in dis-

tilled water. In a container, 90 ml of pre-cursor

solution is taken and fitted up through the spray

nozzle. The clean substrate with a suitable mask was

put on the susceptor of the heater. The separation

between the surface of the substrate and tip of the

nozzle was 23 cm. By regulating the heater power

using a variac, the substrate temperature was con-

trolled at 350 �C. The solution flow rate was 0.5 ml/

min and sprayed continuously for 40 min to produce

NixZn1-xFe2O4 thin films. All these parameters were

kept constant for obtaining film of same thickness of

all concentrations as we are not interested to thick-

ness-dependent physical properties.

The thickness of the deposited films was evaluated

using the Newton’s ring method (its working prin-

ciple is interference and based on the fact that the

formation of bright and dark interference fringes

which is actually the measure of the thickness of air

film at that point) and estimated to 200 ± 10 nm and

the crystal structure is characterized by X-Ray

diffraction (XRD) analysis using (Bruker D2 Phaser

XRD machine, Hongkong) with CuKa radiation, FTIR

analysis by a spectrophotometer (Perkin Elmer 100),

The SEM images and EDX analysis were performed

by Field emission scanning electron microscopy (FE-

SEM, JEOL JSM-7600 F), optical measurement by

(SHIMADZU UV-1650PC spectrophotometer), pho-

toluminescence (RTPL) spectra using spec-

troflurophotometer (Hitachi F-4600), Electrical and
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Hall measurement by Van-der Pauw’s method

[29, 30].

3 Results and discussion

3.1 Structural properties

3.1.1 XRD analysis

Figure 1a shows a typical XRD pattern of Ni–Zn

ferrite thin films. The multiple peaks were identified

as (2 2 0), (3 1 1), (2 2 2), (4 0 0), (5 1 1), and (4 4 0),

which confirm that Ni–Zn ferrite is well crystallized

in face-centered cubic structure (JCPDS card no. (#08-

0234)) with Fd3m space group [31, 32]. In all cases,

the most intense reflection is noticed from the (3 1 1)

plane indicating the spinel phase formation. It is also

observed that initially the diffraction peaks shift

toward the left due to lattice distortion and then

toward the right with the increase of Ni concentration

as is evidenced in Fig. 1b.

The values of lattice constant, a, are evaluated from

the XRD data for all the specimens. The average lat-

tice constants (taking all planes into consideration)

for cubic crystal system of the synthesized thin films

are calculated througha ¼ dhkl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

, where

dhkl is the interplanar spacing and (h k l) are the

Miller indices of the diffraction peak [33]. The cal-

culated average lattice constant, a, as a function of Ni

content is plotted in Fig. 2. It is seen from Fig. 2a that

the lattice constants decrease almost linearly from

8.334 to 8.299Å with increasing Ni2? concentrations

Fig. 1 a XRD pattern of

NixZn1-xFe2O4 thin films

b shifting of intense peak

(311)

Fig. 2 Variation of a lattice constant and b crystallite size with Ni content
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except for x = 0.3. [34]. From Fig. 2a, it is seen that the

lattice constant at first increases for x = 0.3 and then

decreases. This increase of lattice constant is due to

the redistribution of cations in octahedral (A) and

tetrahedral (B) sites [35]. Another possible reason is

the creation of Fe vacancies during crystal formation,

resulting in the increase of lattice constant. However,

the reduction in lattice constant after x = 0.3 is cer-

tainly a result of substitution of larger Zn2? (0.74 Å)

ions by smaller Ni2? ions (0.69 Å). The crystallite size,

D of NixZn1-xFe2O4 ferrite thin films is estimated by

using Debye Scherrer’s formula [36], D ¼ kk
bcosh ; where

k is a constant (0.94), k = 1.540 Å is the x-ray radiation

wavelength, b is the full width at half maximum

(FWHM), and h is the diffraction angle.

The calculated average crystallite size, D, as a

function of Ni content is plotted in Fig. 2b. The

crystallite size varies between 40 and 37 nm with Ni

concentration. From Fig. 2b, it is seen that the average

crystallite size decreases with the increase of Ni2?

content, but increases for 0.7 Ni content. The crys-

tallite size usually depends on thermodynamics and

especially on the growth parameters including sub-

strate temperature, solution concentration, spray rate,

etc. Since all these parameters are not equally con-

trollable simultaneously, hence the fluctuation of

crystal size is not unlikely.

The hopping length LA in the A-site (tetrahedral)

and LB in the B-site (octahedral) can be calculated by

using the relationsLA ¼ 0:25a
ffiffiffi

3
p

andLB ¼ 0:25a
ffiffiffi

3
p

where a is the calculated lattice constant. Figure 3

depicts the hopping lengths in tetrahedral and octa-

hedral sites with Ni content, respectively. The

decrease of hopping length in both tetrahedral and

octahedral sites (the shortened of the separation of

magnetic ions) is noticed with the increase of Ni2?

content except for x = 0.3 [37]. This is due to the

smaller radius (0.69 Å) of Ni2? ion than Zn2? ion (0.74

Å). Hopping length in A-site decreases from 3.6088 to

3.5934 Å and in B-site from 2.9466 to 2.9340 Å. The

hopping length at A-site is comparatively larger than

the value of B-site. This may be due to the fact that,

the distance between the magnetic ions in tetrahedral

site is greater than the octahedral site.

Fig. 3 Variation of hopping length in a A-site and b B-site with Ni content

Table 1 Calculated lattice volume, molecular weight, X-ray density, and interatomic distance between the cations

Ni content, x Volume, V (Å)3 Molecular weight, M (gm/mol) X-ray density, qx (gm/cm3) M A - MA

(Å)

MA - MB

(Å)

MB - MB

(Å)

0.0 578.84 241.097 5.53 3.608 3.455 2.946

0.3 582.18 239.082 5.45 3.616 3.463 2.952

0.5 575.93 237.739 5.48 3.598 3.445 2.937

0.7 571.58 236.396 5.49 3.593 3.440 2.934
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The interatomic distance between the cations on

the tetrahedral (A) and octahedral (B) sites can be

computed using [38] MA �MA ¼
ffiffi

3
p

4 a; MA �MB

¼
ffiffiffiffi

11
p

8 a; MB �MB ¼
ffiffi

2
p

4 a. The lattice volume, molec-

ular weight, x-ray density, and interatomic distance

between the cations are tabulated in Table 1.

Lattice constants can also be calculated theoreti-

cally from the following equation ath ¼ 8
3
ffiffi

3
p rA þ ROð Þ½

þ
ffiffiffi

3
p

rB þ ROð Þ�;where R0 is the radius of oxygen ion

and rA, rB are the ionic radius for tetrahedral (A) and

octahedral (B) sites of spinel structure, respectively

[39].

The rA and rB values are calculated using the

cationic distribution of the cubic spinel system which

can be represented by the following equation [40]

rA¼CAFer Fe3þ
� �

þCAZn r Zn2þ� �

;rB¼1
2 CBFer Fe3þ

� �

þ
�

CBNir Ni2þ
� �

�. The ionic radii for Zn, Fe, and Ni are

0.74, 0.645, and 0.69 Å
´
, respectively. The Chemical

formula, cation distribution, theoretical (ath), and

experimental (aexpt) lattice parameters are tabulated

in Table 2.

The cation distribution of Ni–Zn ferrite is mixed

spinel type having the formula Zn2þ1�xFe
3þ
x

� �

A

Ni2þx Fe3þ2�x

� �

B
O2�

4 ; where A and B mean the tetrahe-

dral and octahedral sites, respectively. Due to the

favorable fit of charge distribution of Ni2? ions in the

crystal field of the octahedral site, they exhibit a

propensity to go into the B-sites in the crystal lattice.

On other hand, Zn2? ions prefer to go to the A-site for

their affinity to form covalent bonds involving sp3

hybrid orbitals [41]. The variation of theoretical and

experimental lattice constants with Ni content is as

shown in Fig. 4.

From Fig. 4, it is observed that the experimental

lattice constant does not follow entirely with the

theoretical lattice constant. The theoretical lattice

parameter decreases with Ni content but in experi-

mental case lattice parameter first increases and then

decreases with increasing Ni content. The experi-

mental lattice constant fluctuation is due to the

defects and thermal effects.

3.1.2 SEM study

Scanning electron microscopy was performed to

study the surface morphology of prepared Ni–Zn

ferrite thin films. The SEM image of NixZn1-xFe2O4 of

various concentrations (x = 0.0, 0.3, 0.5, 0.7) is given

in Fig. 5. SEM micrographs clearly show the distri-

bution of spherical grains of uneven size and density

over the film surface.

3.1.3 Elemental analysis

Figure 6 reveals the EDX investigations of the Nix-
Zn1-xFe2O4 thin films for x = 0.0 to 0.7 concentra-

tions. The presence of Zn, Fe, O, and Ni compositions

in the zinc ferrite samples is confirmed by the EDX

study. The qualitative data of the compositions are

compared with the theoretical value, which is tabu-

lated in Table 3.

Table 2 Chemical formula,

cation distribution, theoretical

(ath), and experimental (aexpt)

lattice parameters

Ni content, x Chemical formula Cation distribution rA (Å) rB (Å) ath (Å) aexp (Å)

0.0 ZnFe2O4 (Zn1.0)A [Fe2.0]B 0.740 0.645 8.411 8.334

0.3 Ni0.3Zn0.7Fe2O4 (Zn0.7Fe0.3)A[Ni0.3Fe1.7]B 0.712 0.652 8.387 8.350

0.5 Ni0.5Zn0.5Fe2O4 (Zn0.5Fe0.5)A[Ni0.5Fe1.5]B 0.693 0.656 8.369 8.320

0.7 Ni0.7Zn0.3Fe2O4 (Zn0.3Fe0.7)A[Ni0.7Fe1.3]B 0.674 0.661 8.353 8.299

Fig. 4 Variation of theoretical and experimental lattice constant

with Ni content
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3.1.4 FTIR study

Figure 7 shows the FTIR spectrum of NixZn1-xFe2O4

thin films in the wave number range from 250 to

4000 cm-1. The absorption peak at 3432 cm- 1 is

occurred due to the O-H bending vibrations indicat-

ing the presence of moisture in the sample. The

observed peak 2340.65 cm- 1 is assigned to C–H

bending vibrations. These O–H and C–H bending

vibrations are attributed due to the absorption of

water and atmospheric carbon dioxide by the sample

during sample preparation process. Furthermore,

with increasing Ni concentrations the peaks are

shifted to the higher wavenumber indicating changes

in the bond angle due to the replacement of Zn by Ni

ions.

3.1.5 Optical study

Optical properties of the films are also examined

thoroughly. Figure 8a shows the variation of

NixZn1-xFe2O4 thin films transmittance T (k) with

incident photon wavelength (k) for NixZn1-xFe2O4

thin films. It shows the transmittance rapidly

increases with the increase of wavelength in the

range of (380–680) nm and then it increases slowly in

all cases. Besides, the transmittance decreases with

the increase of Ni concentration and varies on an

average from 62 to 50%. In Fig. 8a, if we take a close

look, a very faint absorption hump is observed also

for x = 0.7 sample around at 750 nm indicated by an

arrow. It is assumed that the d-d transition in Fe3?

ion in an octahedral symmetry is responsible for this.

For spinel ferrites, the observed optical absorption

bands are assumed to d-d intra-atomic transitions in

the Fe3? cations and interatomic Fe3?–O2 transitions

between oxygen atomic 2p-orbitals and iron atomic

3d (t2g)-orbitals. In the UV region, zinc interatomic

Zn2?–O2 transitions occur forming Zn2? ion with a

completely full 3d sub-shell [42]. In similar with iron,

the intra-atomic d-d transitions take place between

Fig. 5 SEM image of NixZn1-xFe2O4 thin films for various concentration of Ni ions
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different valence ions in the NIR region in case of

nickel [43].

In the transmission curves, there is no significant

sign of second transition. Therefore, the direct band

gap was determined by Tauc’s equation [44] ahm =

A (hm-Eg)
n, where a is the absorption coefficient, hm is

the photon energy, A is the constant which does not

depend on photon energy, and n has four numeric

values. Figure 9a shows the direct band gap of Ni–Zn

ferrite thin film decreases from 2.50 to 2.23 eV with

the increase of Ni concentration consistent with [45].

Fig. 6 EDX analysis of the as-synthesized NixZn1-xFe2O4 thin films for x = 0.0, 0.3, 0.5, and 0.7 concentrations

Table 3 Atomic weight (%) of the as-synthesized NixZn1-xFe2O4 thin films for x = 0.0 to 0.7 concentrations

Element x = 0.0 x = 0.3 x = 0.5 x = 0.7

Theoretical

(wt%)

Experimental

(wt%)

Theoretical

(wt%)

Experimental

(wt%)

Theoretical

(wt%)

Experimental

(wt%)

Theoretical

(wt%)

Experimental

(wt%)

Zn 27.12 39.09 19.15 26.52 13.75 17.41 8.30 12.61

Fe 46.33 38.85 46.72 39.68 46.98 30.11 47.25 36.52

O 26.54 22.06 26.76 21.95 26.91 36.81 27.07 23.19

Ni - - 7.37 11.85 12.35 15.67 17.38 27.68
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Direct band gap energy in electron volt has been

tabulated in Table 4.

The change of direct band gap with composition is

shown in Fig. 9b where we can see that the band gap

decreases with increasing Ni concentrations. The

shrinkage of band gap is due to the structural mod-

ification of ZnFe2O4 films. Such structural modifica-

tion in the ZnFe2O4 films is associated with the

replacement of zinc ions both in lattice site and

interstitial position in the ZnFe2O4 lattice by Ni ions

[46, 47]. Although a depends on film thickness;

however, it is assumed that the band gap energy

variation is solely originated from the composition

because the variation of film thickness is so small to

contribute the band gap.

The photoluminescence (PL) spectra of the Nix-
Zn1-xFe2O4 (x = 0.0, 0.3, 0.5, 0.7) thin films were

Fig. 7 FTIR spectra for NixZn1-xFe2O4 thin films for various

concentrations of Ni content
Fig. 8 Variation of transmittance with wavelength for different

compositions

Fig. 9 Variation of a direct band gap with photon energy and b band gap with the composition of NixZn1-xFe2O4 thin films

Table 4 The direct band gap of NixZn1-xFe2O4 thin films

(average thickness 200 ± 10 nm) with different compositions

Composition, x Direct band gap (eV)

0.0 2.50

0.3 2.40

0.5 2.32

0.7 2.23
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taken at room temperature with excitation wave-

length, kex = 450 nm (2.75 eV) as shown in Fig. 10.

From PL study, it is observed that the emissions are

found at 529.91 nm (2.02 eV), 561.09 nm (2.21 eV),

and 688.89 nm (1.80 eV) for x = 0.0. For x = 0.3, the

emissions are found at 539.13 nm (2.30 eV) and

685.08 nm (1.81 eV). For x = 0.5, the emissions are

found at 553.57 nm (2.24), 584.91 nm (2.12 eV), and

681.32 nm (1.82 eV). Furthermore, emissions are

found at 566.21 nm (2.19 eV), 629.44 nm (1.97 eV),

and 685.08 nm (1.81 eV) for x = 0.7. All these PL

emission energies are lower than optical band gap

energies indicating PL transitions are not from band

to band rather coming from defect states and oxygen

vacancies which were originated from substitution of

Ni at Zn sites and interstitials. The defect states due

to substitution act as PL centers and eventually PL

transition occurs which attributed to the defect state

transitions [48, 49].

3.1.6 Electrical study

The temperature-dependent resistivity for the films

of NixZn1-xFe2O4 has been measured for the tem-

perature range (290–400) K using Vander Pauw’s

method. Figure 11 shows the variation of resistivity

and conductivity with temperature for

Fig. 10 PL spectra of NixZn1-xFe2O4 for different compositions of Ni a x = 0.0, b x = 0.3, c x = 0.5, and d x = 0.7

Fig. 11 Variation of resistivity with temperature for

NixZn1-xFe2O4 thin films
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NixZn1-xFe2O4 thin films, respectively. From Fig. 11,

it is seen that the resistivity slightly decreases as the

temperature increases which behaves like semicon-

ductor material up to ~ 310 K. After 310 K, the elec-

trical resistivity increases linearly with increasing

temperature demonstrated metal-like behavior.

Moreover, the resistivity increases with the increase

of Ni concentration. The resistivity of NixZn1-xFe2O4

compound should decrease with the doping of

metallic Ni atom. However, it seems crystal lattice

distortion and more and more oxygen vacancies due

to progressing doping suppress the conductivity.

This explanation supported by Hall study where we

Table 5 Calculated data of Hall constant, Hall mobility, and carrier concentration for NixZn1-xFe2O4 thin films

Composition,

x

Thickness t

(nm)

Hall

voltage,

VH

(mV)

Hall constant, RH x 106

(cm3/coul.)

Hall mobility, lH x 102

(cm2/Vsec)

Carrier

concentration, n x

1013

(cm- 3)

Resistivity

q
(X-cm)

0.0 191 7.6 0.110 8.692 5.693 126.56

0.3 195 14.6 0.219 15.07 2.857 145.28

0.5 203 30.0 0.460 28.06 1.360 163.96

0.7 208 27.0 0.424 23.52 1.474 180.28

Fig. 12 Variation of a Hall constant, b Hall mobility, c Hall concentration, and d Hall voltage with composition for NixZn1-xFe2O4 thin

films
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find decreasing carrier concentration with increasing

doping content.

At room temperature and constant magnetic field

of 9.815 KG, the Hall voltage has been measured.

From the Hall voltage, the Hall constant (RH), Hall

mobility (lH), and carrier concentration (n) are cal-

culated (Table 5). In this work, Fig. 12a, b and d

shows the Hall constant and Hall mobility increase

with increasing Ni concentration except for x = 0.7.

The carrier concentration decreases with Ni concen-

tration, while for x = 0.7, it increases (Fig. 12c). From

the Hall measurement, NixZn1-xFe2O4 thin films are

identified as n-type materials for x = 0.0, 0.3, 0.5 and

p-type for x = 0.7. Generally, NiFe2O4 is known as

p-type semiconductor with cation vacancies for its

tendency to attract oxygen during heating [50, 51],

whereas zinc ferrite is n-type semiconductor [52]. So

according to the above information, it can be said

that, for comparatively high concentration of Ni

(x = 0.7), the n-type material has turned into p-type

material.

4 Conclusions

We have demonstrated well-crystallized spinel Nix-
Zn1-xFe2O4 thin films by spray pyrolysis deposition

process and different characteristics studied as a

function of Ni content. The lattice constants obtained

from XRD data vary from 8.334 Å to 8.299 Å with Ni

substitution. The decrease of lattice constant of these

films with Ni content is attributed to the replacement

of a larger Zn2? ion (0.74 Å) by a smaller Ni2? (0.69

Å
´
) ion. SEM study of thin films reveals the formation

of spherical grains distributed over the film surface

with various densities depending on the Ni concen-

tration. From optical study, we noticed that the band

gap energy decreased from 2.50 to 2.23 eV with the

increasing Ni concentration due to the formation of

oxygen vacancy and defects. Electrical measurement

demonstrates semiconductor behavior of Ni–Zn fer-

rite thin films up to 310 K followed by metal-like

behavior up to the measured temperature range.

Although Ni–Zn ferrite thin films show metal-like

behavior, the resistivity is comparatively high and

increased with the increasing of Ni concentration

which is significant for high- and low-frequency

device applications. The Hall measurement confirms

that Ni–Zn ferrites change its semiconducting nature

from n-type to p-type semiconductor at x = 0.7.
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