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Abstract The films of Zn1-xAlxO:NiO (AZO; Al/

Zn = 1.5 at.%, x = 0.5–2.0) were synthesized on glass

substrates by sol–gel method. The morphological proper-

ties of the films were studied by atomic force microscopy.

The surface morphology of the films is found to depend on

the concentration of NiO. The optical band gap, Urbach

energy and optical constants such as refractive index,

extinction coefficient and real and imaginary parts of the

dielectric constant of the films were determined. The

refractive index dispersion of the films obeys the single-

oscillator model, and the single-oscillator parameters were

determined. The optical band gap of ZnO film was found to

be 3.76 eV, and the optical band gap of the films increases

with NiO doping. The obtained results suggest that

Zn1-xAlxO:NiO films can be used as optical material in

optical communication applications.

Graphical Abstract

Keywords AZO film � Nickel oxide � Transparent metal

oxide film

1 Introduction

Al-doped ZnO thin films (AZO) have been extensively

studied for their potential use in optoelectronic devices.

ZnO is a wide band gap semiconductor material, with

direct band gap 3.37 eV at 300 K and large exciton binding

energy 60 meV. The versatile properties of ZnO such as

high electrical conductivity, high infrared reflectance, high

visible transmittance, piezoelectricity, chemical stability,

low resistivity, abundance in nature, easy fabrication and

biocompatibility make it useful in the field of solar cells

[1], gas sensors [2], photodetectors [3], light-emitting

diodes [4], thin film transistor [5], piezoelectric devices [6],

varistors [7] and surface acoustic-wave devices [8] etc.
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The defects in the crystal structure of the thin films play an

important role in controlling the properties and the quality of

ZnO films. Extrinsic doping with selective elements modi-

fiying the electron energyband structure, affects the crystalline

quality and native point defects and offers an effective way to

tailor the electrical, optical and magnetic properties of ZnO.

The undoped ZnO thin films are transparent and have usually

low conductivity. Al doping in ZnO thin film can improve its

conductivity without impairing the optical transmission,

which is considered as the best candidate material for

replacing indium tin oxide (ITO) [9–12]. The doping can

reduce the crystalline quality of ZnO films and can change the

defect environment, dependingonwhetherAl atoms substitute

for zinc atoms or occupy interstitial sites [13, 14].

Transparent conducting oxides (TCO) are of great interest

for their use in electronic and electro-optical applications

such as flat screens, thin film photovoltaic cells, dye-sensi-

tized solar cells and light-emitting diodes (LEDs). However,

the biggest challenge to achieve the ZnO-based optoelec-

tronic devices is the difficulty to fabricate reliable p-type

ZnO. In previous studies, many efforts focuses on doping

ZnO with N [12], P [13], As [15] and Al-N [16] co-doped to

achieve p-type conductivity. These dopants are used to alter

the type of conductivity as well as the electrical and optical

properties. Transition metals are promising candidate for

doping ZnO. Cuprous oxide (Cu2O) is a well-known p-type

semiconductor among transition metal oxides, with band gap

2.17 eV and hole mobility 60 and 90 cm2/V.s for poly-

crystalline and epitaxial films, respectively. In addition, its

electrical properties can be controlled easily by modifying

the valance states of Cu to Cu? and Cu2? via a post-an-

nealing treatment. p-type TCO thin film doped with Cu2O

has been reported fabricated using sol–gel method [17].

Among various transition metals, Ni is important dopant

because isomorphic to Zn. Ni2? (0.69 Å) has almost the

same radius and valance compare to Zn2? (0.74 Å), so can

substitute the Zn2? in the ZnO lattice. The efficiency of the

dopant atoms depends on difference between their ionic

radius and the ionic radius of host atoms (zinc or oxygen)

[18]. Yakuphanoglu et al. [19] have reported photolumi-

nescence and optical properties of nanostructure Ni-doped

ZnO thin films prepared by sol–gel spin coating technique.

The potential use of nanostructures using confined

transport phenomena to construct one-dimensional devices

has gained much more interest. Recently, ZnO nanostruc-

tures such as nanorods, nanowires, nanoribbons, nanobelts

and various interesting structures have been demonstrated.

These ZnO-based nanostructures with different shapes

provide higher surface area, exhibiting interesting physical

and chemical properties which are unattainable by the other

nanostructures. ZnO homojunction photodiodes based on

Sb-doped p-type nanowire array and n-type film for ultra-

violet detection have been reported [18, 20].

There are several methods of synthesis of ZnO nanostruc-

tures in the literature such as spray pyrolysis [21–23], sputtering

[24–27], chemical vapor deposition [28, 29] and pulsed laser

deposition [30]. But among all, the sol–gel method is simple

and cost-effective and provides homogeneity and lower crys-

tallization temperature. It is well known that the zinc oxide is

n-type semiconductor. We have evaluated that the n-type

conductivity of ZnO can be converted to p-type byNiO dopant.

With this aim,Al-dopedZnOthinfilms (AZO)weredopedwith

various NiO contents to alter the conductivity type of AZO

films. Thus, in this paper, the structural and optical properties of

NiO-doped AZO (NiO:AZO) films with different molar ratios

of NiO synthesized via sol–gel method were studied.

2 Experimental procedure

The precursor sols were prepared from zinc acetate dehy-

drate (Zn(CH3COO)2�2H2O), 2-methoxyethanol and

monoethanolamine (MEA). The concentration of Zn ion

was 0.5 mol/L. Monoethanolamine was used as stabilizer.

The molar ratio of MEA to zinc acetate was maintained at

1:1 to stabilize and produce a clear solution. In the solution

prepared above, the required amount of aluminum nitrate

non-hydrate (Al(NO3)3�9H2O) with Al/Zn atomic ratio of

1.5 % was added to obtain AZO solution. The resulting

solution was stirred for 1 h at room temperature until a

clear homogenous solution was formed. Then finally

nickel(II) chloride hexahydrate (NiCl2�6H2O) was dis-

solved into AZO solution at different molar ratios (0.5, 1.0,

1.5 and 2.0 %), and the solution was stirred overnight.

To synthesize the thin films, the glass slides were

ultrasonically cleaned using methanol and acetone and with

deionized water subsequently 5 min each and dried with

nitrogen. The films were spin-coated at 1000 rpm for 5 s.

After each layer was deposited, the substrate was heated at

160 �C as in Ref. [16]. The coating process was repeated

three times. The films were finally annealed at 450 �C for

30 min to evaporate the solvent and remove the organic

residue and then cooled in the furnace to room temperature.

The optical properties were measured by UV-3600 Shi-

madzu spectrophotometer. The thickness of films was

examined by park systems XE-100E atomic force micro-

scope (AFM). The film thickness was measured by making

a narrow scratch on the film surface. The film thickness of

the films was measured as shown in Fig. 1 [31].

3 Results and discussion

For TCO optical transmittance is an important parameter.

Optical transmittance spectra of the AZO doped with NiO

annealed at 450 �C are shown in Fig. 2. All the films have
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an average transmittance of 85 % in the visible range. The

average transmittance of AZO film is smaller than that of

aluminum-doped ZnO (AZO) thin films prepared using a

pulsed DC unbalanced magnetron sputtering system [31]. It

is evaluated that the transmittance of the studied films is

resulted from the crystalline quality and structural proper-

ties of the films. Also, the transmittance of the films is

affected by surface roughness, because the surface rough-

ness causes a reduction in the scattering of light and in turn,

the transmittance of the films is decreased due to fiber

structure related to the crystallinity of the AZO film. The

transmittance spectra also reveal that the transmittance

does not change with various concentrations of doping. It is

evident that doping with NiO does not affect the trans-

mittance of the thin films, and hence we can effectively

tune the electrical and optical properties of AZO thin films.

Fig. 1 Film thickness

measurement a AFM image of

AZO:NiO (0.5 %) film,

b sample under AFM
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Fig. 2 Transmittance spectra for AZO and NiO-doped AZO films:

The inset shows a magnification of absorption edge
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Thus, highly transparent and conductive AZO-doped NiO

thin films are potentially useful for transparent metal oxide

films. The onset shows that absorption edge shifts toward

the shorter wave length.

The relation between optical band gap and absorption

coefficient is expressed by the following relation,

ðahmÞ ¼ Dðhm� EgÞ1=2 ð1Þ

where a is absorption coefficient, ht is the photon energy,

and D is a constant. The absorption coefficient a is given

by the following relation [28].

a ¼ 1

d
ln

1� R2ð Þ
2T

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� Rð Þ4

4T2
þ R2

s
0

@

1

A ð2Þ

The dependence of (aht)2 on the photon energy (ht) for the
AZO films with different concentrations of NiO is shown in

Fig. 3. The band gap value of the films can be determined

by extrapolating the graph of the linear region of the plots

to energy axis at (aht)2 = 0. The band gap values for

AZO- and AZO:NiO (0.5, 1.0, 1.5 and 2.0 %)-doped films

are 3.67, 3.82, 3.81, 3.86 and 3.95 eV, respectively. The

increase in optical band gap of the AZO films with NiO

content is explained by Burstein–Moss effect [29]. When

the doping level is increased, the band tails the bottom of

the conduction band and top of the valence band is nar-

rowed with NiO content. Therefore, the optical band gap of

AZO film is expanded, and that is why, the Eg value of is

increased with NiO content.

The reflectance R(k) spectra for the AZO- and NiO-

doped thin films are shown in Fig. 4. The peaks between

300–400 nm are especially important and are related to the

absorption edge.

In order to understand the structure and surface morphol-

ogy, the samples were examined by three-dimensional AFM.

The AFM images of AZO- and AZO:NiO-doped films are

shown in Fig. 5a, b in two (2D) and three (3D) dimensions.

The film thicknesses of AZO:NiO (0, 0.5, 1.0, 1.5 and 2.0 %)-

doped films were found to be 100 ± 0.1, 98 ± 0.3,

102 ± 0.2, 105 ± 0.1 and 108±0.2 nm, respectively.

The average surface roughness,Rq, values of AZO:NiO (0,

0.5, 1.0, 1.5 and 2.0 %)-doped films are determined to be 71,

78, 78, 39 and 53 nm for undoped and doped films, respec-

tively. As seen in AFM images, the AZO films are formed

from thefibers.The roughness,Rq, values of thefilms are quite

high, and these high values are resulted from the spaces

between the fibers. As seen in AFM images, the fibers are

distributed on substrate surfacewith the spacesbetweenfibers,

and these spaces will significantly change the surface rough-

ness of the films. The Rq value of the films is changed with the

NiO content. The AZO:1 at.%NiO film exhibited the highest

surface roughness, whereas AZO:2 at.%NiO film exhibited

the lowest RMS value. This indicates that the surface rough-

ness of thefilms is changedwithNiOcontent, because theNiO

content controls the thickness of the fibers. The fibers in the

AZO:NiO film are closer than those of 1.0 at.%NiO film. The

surfacemorphology of the fibers is due to the deformation and

defects of crystalline lattice, because the Zn ions are replaced

with Ni ions [1, 2]. Themorphology showed that the fibers for

the 1 %Ni doping were denser, but then became smaller than

film having 2.0 at.%NiO. This is due to the distribution of the

fibers on silicon substrate.

The crystal defects like vacancies, interstitial atoms and

grain boundaries introduce the localized states in the band

gap, affecting the optical band gap structures and optical

transitions. The width of these localized states is called

Urbach tail. The Urbach tail of the films is given by the

following relation.

Fig. 3 Plots of (aht)2 versus photon energy of AZO and NiO-doped

AZO films

Fig. 4 Reflectance spectra for AZO and NiO-doped AZO films

cFig. 5 a Two-dimensional AFM images (40 lm 9 40 lm) of 0 at.%

(a), 0.5 at.% (b), 1 at.% (c), 1.5 at.% (d) and 2 at.% (e) NiO-doped
AZO thin films. b Two-dimensional AFM images (40 lm 9 40 lm)

of 0 at.% (a), 0.5 at.% (b), 1 at.% (c), 1.5 at.% (d) and 2 at.%

(e) NiO-doped AZO thin films
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a ¼ ao exp
E

EU

� �

ð3Þ

where E is the photon energy, ao is the constant, and EU is

the Urbach energy refers to the width of exponential

absorption edge. The above equation describes the transi-

tion between tails of occupied states in valance band to the

unoccupied states at conduction band edge. The EU values

can be calculated by taking the inverse of the slop of the

graph between lna and ht as shown in Fig. 6.

EU ¼ d ln að Þ
d hmð Þ

� ��1

ð4Þ

The EU values of the films are decreasing with increase in

doping concentration. The Urbach energy values change

inversely to the band gap of films. The steepness parameter

b = kT/EU (T = 300 K) was determined, which character-

izes the broadening of the absorption edge due to the elec-

tron–phonon interaction or exciton–phonon interaction. The

b value suggests that absorption edge changes with doping.

The study of dispersion is an important parameter for the

application of any material in the field of integrated optical

devices such as switches, filters and modulators used for

optical communication. The refractive index of the film

was determined by the following relation [28].

n ¼ 1þ R

1� R

� �

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4R

ð1� RÞ2
� k2

s

ð5Þ

where k = ak/4p is the extinction coefficient. The depen-

dence of both refractive index and extinction coefficient on

the wave length is plotted in Fig. 7. Both the refractive

index and extinction coefficient decrease with increasing

the wavelength. The refractive indices of all the films attain

a peak around wavelength k = 365 nm, lying in the

absorption region, but at higher wavelength, value of n

becomes constant, i.e., films behave as non-dispersive. In

conclusion, the refractive index shows an anomalous

behavior at lower frequency and normal dispersion at

higher wavelengths.

The refractive index dispersion below the interband

absorption edge corresponds to the electronic transition

spectrum. This dispersion of refractive index has been

analyzed using Wemple and Didomenico (WDD) single-

oscillator model [30].

n2 ¼ 1þ EoEd

E2
o � hmð Þ2

ð6Þ

where Eo and Ed are the single-oscillator constants. The

parameter Eo is an average band gap, the so-called WDD

band gap, whereas Ed is oscillator strength and is related to

interband optical transition. Eo and Ed are determined from

the graph between (n2 - 1)-1 and (hm)2 as shown in Fig. 8.

The obtained values of Eo and Ed are given in Table 1. The

oscillator energy Eo is an average energy gap and in a close

Fig. 6 Plots of lna versus photon energy for AZO and NiO-doped

AZO films
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Fig. 7 Variation of refractive index (a) and extinction coefficient

(b) with wavelength

Fig. 8 Plots of (n2 - 1)-1 versus (hm)2 for AZO and NiO-doped

AZO films
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approximation with the optical band gap, in which

Eo & 1.5, as suggested by WDD model.

The complex dielectric function is expressed as,

e(x) = e1(x) ? ie2(x), where e1 is the real part and e2 is

the imaginary part of dielectric constant. The e1 and e2
values are determined by the following relations.

e1 ¼ n2 � k2 and e2 ¼ 2nk ð7Þ

The spectral dependence of e1 and e2 on the wavelength

is shown in Fig. 9. The real part of dielectric constant is

higher than the imaginary part. It is seen that real and

imaginary parts of dielectric constant change with incident

photon of at low wavelengths and cause formation of peaks

in dielectric spectra, whereas dielectric constant values for

both real and imaginary parts become constant at higher

wavelengths. This variation of dielectric constant with the

photon at lower wavelengths indicates that some interac-

tions between photons and electrons in the films are pro-

duced in this wavelength range.

4 Conclusions

AZO- and NiO (0.5, 1.0, 1.5 and 2.0 %)-doped thin films

were deposited by sol–gel technique. The surface mor-

phology and optical properties of these films have been

investigated. The AFM images show the fiber network

effect in the surface. The doping does not lower the

transmittance of films with average transmittance 85 % in

the visible range. The blueshift in the optical band gap was

attributed to Burstein–Moss effect and Urbach energy

changed with doping. The optical constants of the films

were determined. The refractive index values for all films

show anomalous dispersion at lower wavelength and a

normal dispersion at higher wavelengths. The refractive

index dispersion obeys the single-oscillator model, and the

single-oscillator parameters were determined.
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27. Gürbüz O, Güner S (2015) Ceram Int 41:3968–3974

28. Vaithianathan V, Lee BT, Kim SS (2005) J Appl Phys 98:043519

29. Najafi M, Haratizadeh H (2015) Solid State Sci 41:48–51

30. Devi V, Kumar M, Shukla DK, Choudhary RJ, Phase DM, Kumar

R, Joshi BC (2015) Superlattices Microstruct 83:431–438

31. Lee J, Park YS (2015) Thin Solid Films 587:94–99

J Sol-Gel Sci Technol (2015) 76:378–385 385

123


	Optical properties of Zn1minusxAlxO:NiO transparent metal oxide composite thin films prepared by sol--gel method
	Abstract
	Graphical Abstract
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	Acknowledgments
	References




