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Abstract Aluminium doped zinc oxide thin films were

deposited onto glass substrate using spin coating technique.

The effects of Al doping on structural, optical and elec-

trical properties of these films were investigated. X-ray

diffraction analysis showed that all the thin films were of

polycrystalline hexagonal wurtzite structure with (002) as

preferential orientation except 2 at.% of Al doped ZnO

films. The optical band gap was found to be 3.25 eV for

pure ZnO film. It increases up to 1.5 at.% of Al doping

(3.47 eV) and then decreased slightly for the doping level

of 2 at.% (3.42 eV). The reason for this widening of the

optical band gap up to 1.5 at.% is well described by Bur-

stein–Moss effect. The photoluminescence spectra of the

films showed that the blue shift and red shift of violet

emission were due to the change in the radiative centre

between zinc vacancy and zinc interstitial. Variation in

ZnO grain boundary resistance against the doping con-

centration was observed through AC impedance study.

1 Introduction

Transparent conducting oxide (TCO) films are promising

owing to their wide variety of technological applications [1].

ZnO, one of such TCOs, has gained great attention from

researchers due to its superior properties and suitability for use

in photovoltaic cells and many other opto-electronic devices.

It is an n-type direct band gap semiconductor having a wide

band gap (3.37 eV) and high exciton binding energy

(60 meV) [2]. Indium tin oxide (ITO) and tin oxide (SnO2)

have long been established and used as transparent conducting

materials in many applications. Recently, ZnO has been

considered as a potential substitute for ITO and SnO2, owing

to a number of encouraging advantages like low cost, non-

toxicity and stability in the presence of hydrogen plasma [3,

4]. ZnO thin films found potential applications in making flat

panel liquid crystal displays, antibacterial agents, gas sensors,

varistors, photo catalysts, solar cells and transparent con-

ducting electrodes [5–10]. These applications are achieved by

doping with specific elements. Doping is an effective method

to tune the optical, electrical and magnetic properties of ZnO

for practical applications. Group III elements such as alu-

minium has been doped into ZnO with the aim to enhance its

properties towards the fabrication of ZnO based light emitters.

But still many of its properties are to be tuned to achieve the

fabrication of effective optoelectronic devices based on alu-

minium doped zinc oxide (AZO–ZnO:Al) thin films.

Aluminium doped zinc oxide (AZO) thin films have

been prepared using various techniques such as magnetron

sputtering [11], pulsed laser deposition [12], SILAR [13],

spray pyrolysis [14], sol–gel [15] and so on. Among these

techniques, the sol–gel method using spin coater is popular

due to its simplicity, safety and low cost. Moreover, it is

easy to realize dopant incorporation and large area coating.

In the present work, ZnO thin films are deposited with dif-

ferent concentrations of aluminium using spin coating tech-

nique. The structural, optical and electrical properties of the

prepared thin films are studied through X-ray diffractometry

(XRD), UV-vis-NIR spectrophotometry, spectrofluorometry

and AC impedance technique techniques and are reported.
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2 Experimental details

2.1 Materials

AR/BDH grade chemicals, zinc acetate dihydrate, alu-

minium chloride and diethanolamine (DEA) were used

without any further purification. Ethyl alcohol was used as

solvent after distillation.

2.2 Preparation

The undoped and Al doped ZnO thin films were prepared

using sol–gel method onto glass substrates. For preparing

undoped ZnO thin film, zinc acetate dihydrate was dissolved

in a solution containing ethanol and diethanolamine (DEA).

The molar ratio of DEA to zinc acetate was maintained as 1.0

and the concentration of zinc acetate was 0.5 M. Al doped

ZnO film was prepared by adding aluminium chloride as a

dopant in the precursor ZnO solution. The concentration of

dopant was varied from 0.5 to 2 at.% in steps of 0.5 at.%. The

prepared solutions were stirred for 1 h at 50 �C by a magnetic

stirrer to yield a clear homogeneous solution. The obtained

solution was allowed for aging at room temperature for 24 h

before used for coating process. The final sol was used to

prepare films using spin coating technique. First, glass sub-

strates were immersed in chromic acid and then cleaned with

soap solution followed by distilled water. After drying the

glass plates, the prepared sol was dropped onto it and rotated at

a constant speed of 2,500 rpm for 30 s using a spin coater.

After each deposition, the film was dried at 150 �C for 10 min

to remove the organic residuals. This process was repeated

eight times to get the film of desired thickness. Finally, the film

was annealed in air at 500 �C for 1 h.

2.3 Characterization techniques

The structural properties of ZnO:Al thin films were analyzed

using X-ray powder diffraction (PANalytical-PW 340/60 X’

pert PRO) technique with Cu–Ka radiation (k = 1.5406 Å).

The optical and photoluminescence spectra of the thin films

were observed using Perkin Elmer (Lambda 35) UV-vis-NIR

spectrophotometer and spactrofluorometer (Perkin Elmer: FL

Winlab LS 55 set up), respectively. The electrical conduc-

tivity of the thin films were determined using a phase sen-

sitive multimeter (PSW – 1732) Newton 4th Ltd. (UK).

3 Results and discussion

3.1 Structural properties

The X-ray diffraction (XRD) patterns of all the AZO films

prepared using spin coating technique and annealed in air

at 500 �C are shown in Fig. 1. Three prominent Bragg’s

diffraction peaks at the 2h values of 30.0, 34.6 and 36.4

associated with (100), (002) and (101) planes, respectively

were observed for the undoped ZnO thin films. These peaks

are very narrow indicating the good crystallinity of

undoped ZnO. The prepared ZnO:Al films exhibit hexag-

onal wurtzite structure with (002) as preferential orienta-

tion except the one with Al doping level of 2 at.%.

Even though, the preferential orientation is along (002)

plane, the intensity of the peak related to this plane

decreases gradually with the increase in the Al doping level

up to 1.5 at.%, indicating a slight reorientation of the lat-

tice planes with respect to the surface of the substrate [16].

This type of change in preferential orientation from (002)

to some other planes has been reported by several

researchers [17–19]. But, the Al doping levels at which the

preferential orientation changes (critical doping level) is

reported to be different by different researchers. This

change over in the preferential orientation beyond the

critical doping level may be attributed to the interstitial

incorporation of excess Al3? ions and/or the segregation of

some other Al related phases around the grain boundaries

[20].

Apart from ZnO characteristic peaks, no peaks that

correspond to aluminium or any of its complex oxides are

detected, which are normally expected to appear upon

mixing these two materials. The presence of these possible

secondary phases are not confirmed by XRD profiles

because, the proportion of these compounds present in the

product is not up to the detection limit of XRD technique.

The texture coefficient (TC) represents the texture of the

film and is used to quantify the preferential orientation

[21]. If the TC of a lattice plane is greater than unity, then

the growth of the film is said to be preferentially along that

plane.

Fig. 1 XRD patterns of ZnO and ZnO:Al thin films
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The TC of the AZO films is calculated using the relation

[22]

TCðhklÞ ¼
IðhklÞ=I0ðhklÞ

1
N

P
I hklð Þ=I0ðhklÞ

ð1Þ

where I(hkl) is the observed intensity of the (hkl) plane,

I0(hkl) is the standard intensity corresponds to the (hkl)

plane taken from the JCPDS Data (Card No. 36-1451) and

N is the number of diffraction peaks. The values of TC(hkl)

are given in Table 1.

The undoped and doped films are found to have maxi-

mum texture coefficient for (002) plane except the one with

Al doping level 2 at.%. This result clearly supports the

predominance of (002) plane in all the undoped and doped

ZnO films, except for the film prepared with highest doping

level (2 at.%).

The crystallite size (D) is calculated using the Scherrer’s

formula [23]

D ¼ kk
b cos h

ð2Þ

where k is a constant (0.9), k is the wavelength of the incident

X-ray (k = 1.54060 Å), b is the corrected FWHM for

instrumental broadening of the maximum intensity peak and h
is the angle at which the peak with maximum intensity occurs.

The obtained values of crystallite size are given in

Table 2. It is seen that the crystallite size for Al doped

films is less than that of the undoped ZnO film. This may

be attributed to the change in the nucleation mechanism for

the formation of ZnO films. As aluminium is doped, the

number of nucleations for the formation of ZnO crystallites

enhances and results in a smaller crystallite size as a con-

sequence [24]. This effect is more significant at a higher

aluminium concentration.

Lattice constants a and c are calculated using the fol-

lowing well known analytical formulae [25].

a ¼
ffiffiffi
1
p
ffiffiffi
3
p k

sin h
ð3Þ

c ¼ k
sin h

ð4Þ

The calculated values of a, c and c/a ratio for the undoped

and Al doped ZnO thin films are given in Table 2. The

values of lattice constants are found to slightly vary with Al

doping concentration. This indicates the tendency of

structural modification promoted by the dopant Al on ZnO.

The peaks in the XRD pattern of undoped ZnO resulted in

the lattice constant values, a = 3.2392 Å, c = 5.1678 Å

and c/a = 1.5954. The standard JCPDS data of ZnO having

hexagonal wurtzite structure provides the lattice constant

values as a = 3.2498 Å, c = 5.2066 Å and c/a = 1.6021

(JCPDS Card No. 36-1451).

No significant change in the ratio of lattice parameters

a and c is observed after doping. This confirms the point

stated earlier that all Al ions are not substituted into the Zn

sites but exist as interstitials in the vicinity of the oxygen

vacancies and thus have prevented the lattice distortion of

bare ZnO film [26, 27].

3.2 Optical properties

3.2.1 UV–vis–NIR transmittance studies

The transmittance spectra obtained for the AZO films are

given in Fig. 2. The transmittance measurements reveal

that the films are highly transparent in the visible region.

Depending on the Al concentration in the starting solution,

the transmittance value varies between 91 and 98 %. The

transmittance of undoped ZnO film is 98 % and the value

varies as the doping level increases and attains a lower

value of 91 % for the maximum doping level of 2 at.%.

The decrease in the visible transmittance may be due to the

crystal defects generated by the incorporation of Al in the

Table 1 TC values of AZO thin films

Al doping level (at.%) TC(hkl)

(100) (002) (101)

0.0 – 6.25 0.02

0.5 0.03 6.25 –

1.0 – 6.25 –

1.5 – 6.25 1.86

2.0 4 2.01 0.11

Table 2 Structural and optical properties of ZnO:Al thin films

Al doping level (at.%) Lattice constants in Å Crystallite size (D) in nm Thickness (t) in nm Optical band gap (Eg) in eV

a c c/a

0.0 3.2392 5.1678 1.5954 38.34 612 3.25

0.5 3.2437 5.1664 1.5927 36.32 634 3.41

1.0 3.2463 5.1652 1.5911 32.70 654 3.43

1.5 3.2486 5.1641 1.5896 27.97 678 3.47

2.0 3.2498 5.1620 1.5884 25.24 689 3.42
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ZnO lattice. The transmittance in the near infrared region

(NIR) is better for the AZO films with Al doping level of

1.5 at.% when compared with other films. It is important to

mention here that the NIR transmission is significant,

because increasing the long wavelength response is an

approach to increase the efficiency of some solar cell

devices as reported by Berginski et al. [28].

The absorption edge corresponds to the intrinsic band

gap of ZnO. The detailed information about the band gap

can be obtained by analyzing the dependence of absorption

coefficient on photon energy in the high absorption regions.

The optical band gap (Eg) and absorption coefficient a
are related by the equation

a ¼ ðk=hmÞðhm� EgÞn=2 ð5Þ

where ‘k’ is a constant, hm the incident photon energy, ‘n’ a

number that characterizes the nature of electronic transition

between valance band and conduction band. For direct

allowed transition n = 1 and it is well known that ZnO is a

direct band gap semiconductor.

Therefore, Eq. (5) can be written as

a ¼ ðk=hmÞðhm�EgÞ1=2 ð6Þ

The band gap energy of the undoped and Al doped ZnO

thin films is determined by the extrapolation of the linear

part of the plots [29] drawn for (ham)2 against incident

photon energy (hm) (not shown) and the obtained values of

Eg are given in Table 2 along with the measured thickness.

In the present study, the band gap of undoped ZnO is

determined as 3.25 eV and the value gradually increases

with the increase in Al doping level up to 1.5 at.% and then

decreased to 3.42 eV for the doping level of 2 at.%. The

values of Eg are in good agreement with the band gap

values of ZnO reported by earlier investigators [30, 31].

This variation in band gap is clearly reflected in the blue

shift of the absorption edge up to the doping level of

1.5 at.%, and the slight red shift in the case of 2 at.%.

The widening of optical band gap with Al doping is well

described by Burstein–Moss effect [32]. By doping with

Al, the aluminium atoms occupy the zinc sites in the ZnO

lattice. Thus, at room temperature, they act as singly ion-

ized donors giving one extra electron and these donated

electrons occupy the states of the bottom of the conduction

band, which results in a widening of the band gap as

observed by Shrestha et al. [33].

Generally, band gap of thin films varies with film

thickness, because of changes in barrier height at grain

boundaries with thickness and also due to high density of

dislocations and quantum size effect [34].

3.2.2 Photoluminescence studies

Photoluminescence spectra of undoped and Al doped ZnO

thin films with different Al concentrations ranging from 0.5

to 2 at.%, annealed at 500 �C are shown in Fig. 3.

From the spectra, it can be seen that there is violet

emission centered at 420 nm and blue–green emission

centred at 493 nm.

Generally, ZnO exhibits a visible band centered at

510–540 nm (green emission) which is attributed to the

oxygen vacancies (Vo
?) [35, 36]. It is seen in Fig. 3 that, the

violet dominant emission of undoped ZnO thin film is

subjected to blue shift for 0.5 at.% Al doped ZnO thin films

followed by a red shift at 1 at.% Al doping. The shift was

feeble for the other doping concentrations. The blue–green

emission of undoped ZnO thin film observed at 493 nm has

shown a significant blue shift (490 nm) only at 2 at.% of Al

doping concentration.

These results may be connected with the change in the

density of the defects like oxygen vacancies (Vo), zinc

Fig. 2 Transmission spectra of ZnO:Al thin films

Fig. 3 PL spectra of undoped and Al doped ZnO thin films
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vacancies (VZn), zinc interstitials (Zni), oxygen interstitials

(Oi) and anti-site oxygen (OZn) [37].

The reason for the observed blue shift of the peak at

420 nm followed by a red shift can be discussed as follows:

For Al doping concentration of 0.5 at.%, the number of Al

substitutions is more than Al interstitials in the Al doped

ZnO thin film. Considering charge equilibrium, the number

of zinc vacancies (VZn
?) is larger than that of zinc inter-

stitials (Zni). However, more zinc interstitials may be

produced because of the increase in Al interstitials with

increase in Al doping concentration. Change in the ratio of

VZn to Zni results in a blue shift initially and then a red

shift of the violet emission peak as Al doping concentration

enhances from 0.5 to 2 at.% [38, 39].

3.3 Electrical properties

3.3.1 AC impedance studies of ZnO films

The AC impedance spectroscopy has been used to inves-

tigate the effect of the dopant Al3? on the electrical con-

ductivity of ZnO thin films because, the AC impedance

spectroscopy can distinguish the conduction process in the

grain and in the grain boundary.

Figure 4 shows the cole–cole plots for the impedance

spectra of the undoped and doped ZnO specimens. All the

spectra contain only a single arc. In general, independent of

doping, the impedance spectra of semiconducting thin films

are expected to exhibit two overlapping semicircle or arcs.

The low frequency arc was interpreted as due to the grain

boundary effect and the high frequency arc was attributed

to the grain effect in the conventional view. The grain

boundary effect on electrical conductivity may originate

from a grain boundary potential barrier or from space

charge layers which are depleted in majority charge car-

riers and which are localized along the grain boundaries.

However, a low frequency semicircle may also be an

artifact caused by porosity, which is known as the con-

striction effect [40–42].

In the present work, the obtained single arc corresponding

to low frequency is attributed to the grain boundary resis-

tance. Some authors thought that [43, 44] the one arc spec-

trum means that the conduction process through the grain and

the grain boundary had identical time constants, s = 1/

x = RC, in which x, R and C are peak frequency of the

impedance arc, the resistance and the capacitance. This

means that the conduction in the grain and the grain boundary

occurs in the same process, so they cannot be separated by

the impedance spectroscopy. Other authors thought that the

single arc was interpreted as due to the contribution from the

grain boundary based on the model having resistive grain

boundaries and conducting grain cores [40, 43].

In common ZnO varistors or thin films, the grain

boundary is several orders of magnitude and more resistive

than the grain, so it is natural to attribute the impedance

spectra completely to the response of the grain boundary

and the contribution of the grain could be neglected [43].

In the present work also, the resistance values estimated

from the cole–cole plot is of the order of 107 X and hence it

may be concluded that the calculated resistance values are

of ZnO grain boundaries.

It is evident from the Fig. 4 that the addition of Al in

various concentrations has altered the shape of impedance

spectrum of undoped ZnO films. The grain boundary resis-

tances estimated from the impedance plots are given in

Table 3. The grain boundary resistance and hence conduc-

tivity are found to vary against the doping concentration of

Al and is not showing any particular trend against the cal-

culated grain size of ZnO and of Al concentration.

It is seen from the Table 3, that the grain boundary

resistance values of all the Al doped ZnO films are lesser

than that of bare undoped ZnO, though the doping content

was very low as 0.5 at.%. This can be attributed to the fact

that the trivalent Al ions increase the electrical conductivity

Fig. 4 Impedance spectra of AZO thin films for various doping

concentrations at 0 V

Table 3 Grain boundary resistance of ZnO:Al thin films at various

bias voltages

Al doping level (at.%) Grain boundary resistance 9 106 in X

0 V 1 V 3 V 5 V

0.0 23.0 22.0 20.0 23.0

0.5 19.0 83.0 50.0 37.0

1.0 14.0 12.0 8.0 5.0

1.5 1.2 5.3 7.8 7.2

2.0 13.0 47.0 30.0 37.0
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by forming a shallow donor in ZnO and hence reduce the

grain boundary resistance [24].

When a small amount of aluminium is introduced in the

solution of ZnO, Aluminium can play the role of an

effective donor in ZnO layers, which can be explained by

the substitution introduction of Al3? into the Zn2? sites,

generating free electrons [45].

Increase in the doping concentration of Al above

0.5 at.% has led to both increase and decrease of grain

boundary resistance but the values are found to be lower

Fig. 5 a Impedance spectra of ZnO thin film at various bias voltages.

b Impedance spectra of ZnO:Al (doping level 0.5 at.%) thin film at

various bias voltages. c Impedance spectra of ZnO:Al (doping level

1 at.%) thin film at various bias voltages. d Impedance spectra of

ZnO:Al (doping level 1.5 at.%) thin film at various bias voltages.

e Impedance spectra of ZnO:Al (doping level 2 at.%) thin film at

various bias voltages
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than that of bare undoped ZnO. This may be due to the

changes in the number of substitutions of Al3? ions in the

Zn2? sites and also the number of free electrons generated

in ZnO. Jin et al. [39] have also observed the said effect for

ZnO:Al thin films prepared using chemical spray pyrolysis

method. Also, the decrease in the grain boundary resistance

with increasing Al content suggests that a decrease in the

distance between Al inclusion sites reduces the grain

boundary resistance. The presence of Al solutes decreases

the rates of densification and grain growth. The Al solutes

may establish a depletion of the electrostatic barrier and

hence fast electron transportation in ZnO films at higher Al

concentration.

Impedance spectra drawn for various bias voltages 0, 1,

3 and 5 V for undoped ZnO and Al doped ZnO are given in

above Fig. 5a–e for each concentration of Al. The calcu-

lated values of grain boundary resistance are given in

Table 3.

The impedance spectra and the values of grain boundary

resistance indicated the variation against the bias voltage.

The asymmetric behavior of the arcs of impedance spectra

changes with respect to applied bias voltage. This may be

due to the change in the number of charge carriers from the

ZnO grains that flow into the grain boundaries. The change

in the charge carrier concentration not steadily increases or

decreases with the increasing bias voltage.

In general, the trapping states within the interface layers

are due to various metal oxide additions. There is a large

quantity of mobile electrons in the n-type ZnO grains. The

electrons tend to diffuse away to reach the interface layers

and be trapped by the trapping states, leaving behind a

positive fixed charge of ionized donors in the locality of the

interface layers. Consequently, a depletion region is

formed on both sides of the grain boundary and thus there

are a series of schottky barrier diodes in the ZnO [46–48].

Therefore, the nature of the interface layer is of con-

siderable interest, the knowledge of which plays an

important role in understanding the highly non-ohmic

property of the ZnO nanostructure.

The obtained values of grain boundary resistance for

various bias voltages for undoped and Al doped ZnO films

reveal that the films are non-ohmic in nature. It can also be

stated that the non-ohmic nature of bare ZnO film has not

been affected due to the Al doping.

Further, the variation of grain boundary resistance

against the bias voltage may be ascribed to the variation of

trap density of the samples [49].

4 Conclusion

The ZnO:Al thin films were prepared with the aluminium

concentration varying from 0 to 2 at.%, increased in steps

of 0.5 at.% using the spin coating technique. All the films

were annealed at 500 �C. The XRD studies revealed that

the preferential orientation is found to be along the (002)

plane for the undoped and Al doped ZnO films up to the

doping level of 1.5 at.% and it changes in favour of (100)

beyond that doping level. The structural studies also

showed that the nucleation mechanism of ZnO has been

influenced by the Al doping and the number of nucleation

sites is found to be enhanced against the increase of Al

doping concentration. This has resulted in the reduced

crystallite size for the doped films.

It is inferred from optical study that the optical band gap

was found to vary against the Al doping concentration in

accordance with the Burstein–Moss effect. Photolumines-

cence study suggested that the blue shift and red shifts of

violet emission is due to the change in the radiative centres

between zinc vacancies and zinc interstitials caused by the

increasing Al incorporation.

Variation in ZnO grain boundary resistance was

observed through AC impedance study against Al doping

concentration. It is attributed to the changing electrostatic

barrier width at the grain boundaries established by the

aluminium donor, against the aluminium concentration.

Also, it was identified that the non-ohmic behavior of ZnO

is not altered due to the Al doping.
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