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Aluminium doped zinc oxide thin films are deposited on glass substrate by using spray pyrolysis technique.

The X-ray diffraction study of the films revealed that the both the undoped and Al doped ZnO thin films exhibits

hexagonal wurtzite structure. The preferred orientation is (002) for undoped and up to 3 at% Al doping, further

increase in the doping concentration to 5 at% changes the preferred orientation to (101) direction. The surface

morphology of the films studied by scanning electron microscope, reveal marked changes on doping. Optical study

indicates that both undoped and Al doped films are transparent in the visible region. The band gap of the films

increased from 3.24 to 3.36 eV with increasing Al dopant concentration from 0 to 5 at% respectively. The Al doped

films showed an increase in the conductivity by three orders of magnitude with increase in doping concentration.

The maximum value of conductivity 106.3 S/cm is achieved for 3 at% Al doped films.

1. Introduction

Zinc oxide (ZnO) is an important wide band gap

(3.37 eV) semiconductor material belonging to II−VI group.

Due to its properties like wide band gap, high exciton

binding energy of 60meV [1], high optical and electrical

properties, it is used in the optoelectronic devices such as

solar cells [2], light emitting diodes [3], heat mirrors [4]
and thin film transistors [5]. Due to the defects such as

oxygen vacancies and zinc interstitials ZnO has conductivity

of n-type [6]. The oxygen vacancies and zinc interstitials

acts as donors, as excess charge carriers created by

them. The formation of carriers by the ionization of zinc

interstitials has been acknowledged to be predominant in

intrinsic ZnO crystals [7]. To increase the number of charge

carriers in ZnO crystals was achieved by thermal [8,9] or by
suitable doping process [7,10,11].
In the present study selects aluminium as a dopant.

Effects of Al doping on the structural, optical and electrical

properties of the film was studied. The various methods

such as sputtering [12], physical vapour deposition [13],
molecular beam epitaxy [14], metal organic chemical vapour

deposition [15], sol gel method [16] and spray pyrolysis

technique [17] are employed to deposit the ZnO film. Spray

pyrolysis technique was used to prepare the films because it

has the advantages of simple, inexpensive, easy-to-dope the

elements and helpful for large area surface coating. In this

paper we reported the deposition of undoped and Al doped

zinc oxide nanostructures on glass substrate using spray

pyrolysis technique and the effects of aluminium doping

on the surface morphology, structural, electrical and optical

properties of the zinc oxide nanostructures.

2. Experimental details

Undoped and Al doped ZnO thin films were deposited

on the ultrasonically cleaned glass substrate at 450± 5◦C
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using spray pyrolysis technique. Starting solution of 0.05M

zinc acetate anhydrous [Zn(CH3COO)2] in methanol is used

to spray. Aluminium chloride is used as source of dopant

[AlCl3]. Atomic % of Al is varied from 0 to 5 by changing

the molar ratio in the spray solution. The solution is sprayed

by means of glass nozzle on the hotter substrate with a

spray rate of 2ml/min. Air is used as carrier gas and the

separations between the nozzle to substrate is fixed at 24 cm

to deposit the uniform zinc oxide films.

Thickness of the deposited film was determined using

gravimetric method. The films of around 0.6µm thick were

used for the present study. The structural characterization

of the film was carried out using X-ray diffractometer with

Cukα radiation of wavelength λ = 1.5418 Å. The influence

of Al doping concentration on the structure of ZnO thin

films was investigated. The crystallite size was calculated

from the Scherrer’s formula. Scanning electron microscope

(SEM) was used to study the surface morphology of the

films. The composition of undoped and Al doped ZnO thin

film was studied using energy dispersive analysis of X-ray

(EDAX). The optical properties of undoped and Al doped

films were studied using UV-Visible spectrophotometer.

The electrical properties of the films were determined

with the Keithley multimeter and source meter. The Hall

measurements of the Al doped ZnO films were determined

by using Van der Pauw’s method in a magnetic field strength

of 0.45 T at room temperature.

3. Results and discussions

3.1. Structural and morphological characterization

XRD pattern of undoped and Al doped ZnO thin films

were shown in the Fig. 1. The calculated values of dhkl

are compared with the standard, which confirms that both

undoped and Al doped ZnO thin films are exhibits poly-

crystalline hexagonal wurtzite structure. The preferential

orientation of (002) direction retains up to 3 at% Al doped

films, which changes to (101) direction for 5 at% Al doped
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films. Increase in the doping concentration reduces the

(002) peak intensity suggesting that deterioration of the film

crystallinity. The slight shift in the (002) peak position was

observed with increasing doping concentration.

This confirms the replacement of Zn2+ ions by Al3+ ions

substitutionally in the ZnO lattice. However there no peak

corresponding to aluminium or aluminium related phases

was detected in the XRD pattern.

The crystallite size of the undoped and Al doped ZnO

thin films are estimated from the high intensity peak of

XRD pattern using the Scherrer’s formula [18]

Dhkl =
0.9λ

β cos θ
, (1)

where λ is the wavelength of X-ray’s, β is full width at

half maximum. θ is Bragg angle. Crystallite size of the

Figure 1. XRD pattern of undoped and Al doped ZnO thin films.

Figure 2. SEM image of (a) undoped ZnO film, (b) 1 at%,

(c) 3 at% and (d) 5 at% Al doped ZnO films.

Table 1. XRD data of undoped and Al doped ZnO thin films

Al, at% Orientation D, nm a , Å c, Å

0 (002) 13.53 3.27 5.24

1 (002) 15.63 3.24 5.23

3 (002) 23.28 3.23 5.22

5 (101) 21.66 3.23 5.21

films found to be increased with increase in the doping

concentration upto 3 at% Al doping. Further increase in

the doping concentration decreases the crystallites size.

The calculated values of crystallite size are listed in the

Table 1. The lattice parameters a and c of undoped and

Al doped ZnO thin films were calculated using the formula

[19]

1

d2
=

4
(

h2 + k2 + hk
)

3a2
+

l2

c2
. (2)

The lattice parameters were found to be decreased with

increasing Al doping concentration. The calculated values

of a and c are shown in the Table 1.

The SEM image of undoped and Al doped ZnO thin

films are shown in the Fig. 2. The undoped ZnO films

show the fiber-like structure with rough surface (Fig. 2, a),
when the doping concentration increased to 1 at%, fiber like

structure disappears and needles like structures were grown

on the surface (Fig. 2, b). On increasing the Al dopant

concentration to 3 at% and above the number of needles

and the length of the needles were found to be increased

(Fig. 2, c, d). The successful incorporation of Al in the

ZnO films is confirmed by using EDAX analysis. Also the

composition on the needles was analysed using EDAX and

it shows the presence of both zinc and aluminium.

3.2. Optical properties

The transmittance spectra of undoped and Al doped ZnO

thin films at room temperature are shown in the Fig. 3.

Undoped films show the transparency above 77% in the

visible region. The maximum transparency of 83% for

wavelengths over 550 nm is recorded for 1 at% Al doped

ZnO thin films. This increase in the transparency is may

be due to the fact that doped films provides more voids

than the undoped films, which may reduce the optical

scattering. Similar result is observed by Hong-ming Zhou

et al. [20] in their Al doped ZnO thin films by sol-gel

methods. It is also observed from the Fig. 3 that sharp

absorption edge is slightly shifted to lower wavelength

region for Al doped films, which confirms the incorporation

of Al into the ZnO films. Analytical representations for

films optical responses are used to establish a correlation

between film nanostructure and optical properties. Changes

in optical properties, i. e. broadening and shift of the main

electronic transition are related to structure crystallinity and

compositional changes [21].
Fig. 4 shows the Tauc’s plot of ZnO and Al doped ZnO

thin films. According to practical and theoretical results,
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Figure 3. Transmittance spectra of undoped and Al doped ZnO

thin films.

Figure 4. Variation of (αhν)2 vs. photon energy of undoped and

Al doped ZnO films.

ZnO exhibits direct band to band transitions [22] and the

variation of absorption coefficient with photon energy for

direct allowed transitions between bands should obey the

relation [23]:
αhν = A(hν − Eg)

1/2, (3)

where α is the absorption coefficient, hν is photon energy,

A is constant and Eg is energy band gap. The energy band

gap of ZnO and Al doped ZnO thin films can be determined

by extrapolating the linear part of the plot (αhν)2 vs.
photon energy. It is seen that the energy band gap values

were increased with increasing Al dopant concentration.

The optical band gap of ZnO thin films increased from 3.24

to 3.36 eV with increasing aluminium dopant concentrations

from 0 to 5 at% respectively. The increase in the optical

band gap is due to the Burstein−Moss effect [24]. This

indicates the rise in Fermi level in the conduction band due

to increased charge carriers, which leads to broadening of

the optical band-gap. According to the reports, energy band

gap of single crystal ZnO is about 3.37 eV [25], which is a

greater than calculated band gap value. The observed low

value of band gap may be due to the presence of native point

defects like zinc interstitials and oxygen vacancies. These

point defects create intrinsic defect levels leading to n-type

doping. The defect levels exists approximately 0.01−0.05 eV

below the conduction band [26]. Urbach energy (Eu) is

related to absorption coefficient, α by the equation [27]:

α = α0 exp(hν/Eu), (4)

where α0 is a constant and Eu represents the disorder in

the film network. Calculated Eu, values vary from 253 to

375meV as the Al doping concentration increased from 0

to 5 at% respectively. Increase in the Urbach energy is due

to induced distortion in the material network which arises

from difference in the ionic radii of zinc and aluminium.

Similar results were obtained for Chouikh et al. [28] in their

Bi doped ZnO thin films.

3.3. Electrical Characterization

The Al doped ZnO nanostructures have the advantage of

a large surface area, and electronic properties are strongly

influenced by surface processes [29]. The Al doped ZnO

nanostructures influences to increase in the conductivity of

the films by trapping of electrons in the grain boundaries.

The grain size of the 3% Al doped ZnO film (∼ 22 nm) is

less than the Debye length (∼ 30 nm for nano ZnO) and

this indicates that the accumulation of charge carriers in the

grain boundary hence electrical conductivity increases [30].
The calculated values of band gap, transmittance, Urbach

energy, resistivity and activation energies of undoped and

Al doped ZnO thin films are shown in the Table 2.

Current−Voltage characteristics of undoped and Al doped

ZnO thin films are shown in the Fig. 5. Undoped and

Al doped films show linear I−V characteristics, satisfying

Ohmic conduction mechanism. The conductivity of un-

doped ZnO thin film is 0.156 S/cm and it is increased by

three orders of magnitude when doped with aluminium.

Films doped with 3 at% Al shows high conductivity of

106.3 S/cm. The improved conductivity in Al doped

ZnO thin films are due to replacement of Zn2+ ions

by Al3+ ions substitutionally [31]. Addition of small

quantity of aluminium contributes more number of free

charge carriers in the doped films, therefore conductivity

increases. Disorder may produce in the lattice at higher

Table 2. Optical and electrical data of undoped and Al doped

ZnO thin films

Al, at% Eg , eV T , % Eu, meV σ, S · cm−1 Ea1, meV Ea2, meV

0 3.24 78 253 0.156 348.0 −

1 3.25 85 305 23.3 181.6 38.8

3 3.29 82 348 106.3 125.2 44.0

5 3.36 83 375 78.60 230.4 63.8
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Table 3. Hall measurements data of undoped and Al doped ZnO films

Sample
Resistivity ρ, Hall coefficient Rh Carrier concentration n, Mobility µ,

� · cm cm3/C cm−3 cm2
· V−1

· s

Undoped ZnO 6.41 63 9.92 · 1016 9.38

1% Al 0.0429 1.147 5.45 · 1018 26.72

3% Al 0.0094 0.32 19.53 · 1018 34.05

5% Al 0.0127 0.386 16.19 · 1018 30.39

doping concentration (5 at%) due to difference in the

ionic radius of zinc (0.074 nm) and aluminium (0.055 nm).
This enhances the scattering efficiency such as ionized

impurity scattering and phonon scattering which intern

reduces the conductivity [32]. Further increase in Al doping

concentration reduces the conductivity of the films. This

decrease in conductivity is may be due to the segregation of

excess aluminium in the grain boundary which reduces the

conductivity of the films.

The Hall measurements data of the Al doped ZnO films

made at room temperature in a magnetic field strength of

0.45 T are shown in the Table 3. The Hall measurements

data shows that the increase in the carrier concentration (n)
and mobility (µ) of the ZnO films after doping with

the trivalent aluminium ions indicates that divalent zinc

ion being replacing by trivalent aluminium ions leading

to formation of zinc interstitials. It is worth noting that

the sheet density does not depend on the Al dopant

concentration. The ZnO films prepared with 3 at% Al

shows the highest conductivity of 106.3 S/cm with a electron

concentration of 19.53 · 1018 cm−3 and a Hall mobility of

34.05 cm2
· V−1

· s−1. The carrier concentration was found

to be decreased for 5 at% Al doped films. The reduction

in the mobility at higher (5%) Al doping concentration

indicates that it is a grain boundary scattering mechanism

rather than ionized impurity scattering [33] since the grain

size decreased for 5% Al doped films. The reduced

Figure 5. Current−voltage characteristics of undoped and Al

doped ZnO thin films.

Figure 6. Variation of lgR with inverse temperature of 3% Al

doped ZnO thin films.

doping concentration and mobility explains the decrease

in the conductivity of the ZnO films at higher Al doping

concentrations.

In the present study activation energies of the undoped

and Al doped ZnO films were studied. Fig. 6 shows the

variation of lgR with reciprocal of temperature for the Al

doped ZnO thin film. It is observed that resistance increases

with increasing temperature indicating semiconducting na-

ture of the films. There are two different linear parts

having different slopes were observed for all Al doped ZnO

thin films. This indicates that there are two mechanisms

for electrical conduction. Similar results were obtained

by Jimenez−Gonzalez et al. [34] in their Al doped ZnO

films by sol gel method. According to reports the electron

concentration in the ZnO films increases by the Al doping

and the trapping levels with activation energy less than

55meV contribute to the electrical conductivity with a very

low energy cost.

4. Conclusions

Undoped and Al doped ZnO thin films are deposited by

simple and inexpensive spray pyrolysis technique. Effect

of Al dopant concentration on the structural, optical and

electrical properties have been studied. All the films exhibit

polycrystalline hexagonal wurtzite structure with (002)
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preferred orientation. SEM analysis showed the formation of

nanostructures. Optical band gap of the films increased with

increasing dopant concentration. Transparency of the films

in the visible region increased with Al doping. The high

conductivity of 106.3 S/cm is obtained for 3 at% doped films.

The highly transparent and conductive 3 at% Al doped ZnO

thin films can be used as transparent electrodes.
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