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Al-doped and pure ZnO thin films elaborated by sol-gel spin coating

process for optoelectronic applications
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Pure and aluminum-doped zinc oxide thin films were grown by spin coating at room temperature. As a starting

material, zinc acetate was used. The dopant source was aluminum nitrate; the dopant molar ratio was varied

between 1 and 10%. Structural analysis reveals that all films consist of single hexagonal wurtzite phase ZnO, and a

preferential orientation along c-axis. They have a homogeneous surface. The measurements show that the films are

nanostructured. The transmittance is greater than 75% in the visible region. The band gap energy decreases with

the addition of dopant (Al) in prepared thin films and the resistivity decreases significantly.
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1. Introduction

Semiconductor materials have been extensively investi-

gated because of their unique size dependent optoelectronic,

magnetic and electrochemical properties. One of the

semiconductors suitable for photovoltaic applications is

ZnO because of its high-electrical conductivity and optical

transmittance in the visible region of the solar spectrum [1],
which is very important in solar cell fabrications. ZnO-based

films have recently been studied in many fields. For

example, they can be used as transparent conductors [2–4],
piezoelectric devices [5], gas sensors [6], solar cell win-

dows [7] and surface acoustic wave devices [8].
Numerous ZnO films preparation methods were experi-

enced, such as RF magnetron sputtering [9], chemical vapor

deposition CVD [10], spray pyrolysis [11] pulsed laser [12]
and the sol-gel process [13–15]. While physical deposition

produces films with good electrical and optical properties at

lower deposition temperature, it has the disadvantages of a

relatively low deposition rate and a high cost for equipment.

However, the sol-gel technique offers the possibility of

preparing a small as well as large-area coating of ZnO

thin films at low cost for technological applications. The

electrical properties of ZnO film can be modified by heat

treatment in H2 atmosphere or by an appropriate doping

process [16]. The doping of impurities such as Al, In,

Ga, B resulted in high electrical conductivity [16,17]. By the

process of doping aluminum to ZnO, free electrons will be

released when zinc is replaced by aluminum, so the increase

of carrier concentration can improve the conductivity.

The present work represents an alternative approach to

previous studies and describes the pure ZnO and Al-doped

nanocrystals grown on glass substrates by spin coating

method. The solutions with few additives were used,

that yield stable sols and homogeneous layers with the

proper annealing conditions. In this work, the effects of

Al dopant and its concentration on the surface morpho-

logy, microstructure and optoelectrical properties of ZnO

thin films, as well as the interrelationship between these

properties was investigated. This contribution highlights our

efforts to elaborate semiconductor nanostructures for solar

technologies and optoelectronic applications.

2. Experimental

Nanocrystalline ZnO films were prepared by a sol-gel pro-

cess. In our experiments a homogeneous and stable sol was

prepared. Zinc acetate dehydrate (Zn (CH3COO)2 · 2H2O)
was used as a starting material. It was dissolved in

2-methoxyethanol (CH3OCH2CH2OH), and an appropriate

monoethanolamine (MEA: HOCH2CH2NH2) was added as

a stabilizer. The molar ratio of MEA to zinc acetate was

maintained at 1 : 1. The dopant source was aluminum nitrate

nonahydrate (Al(NO3)3 · 9H2O), and the ratio of aluminum

to zinc in the solution was varied in the range of 1 to 10 at%.

After continuous magnetic stirring at 70◦C for 1 h, a

transparent sol of 0.3M was obtained. The sol was

deposited onto microscope glass slide substrates (thickness
of 1mm) which were cleaned with detergent TFD4 2%

solution and distilled water, then they were rinsed in ultra-

sonic bath and finally dried with N2 air. In this experiment,

different values of dopant concentration (1, 3, 5, and 10 at%)
were prepared. The coating solution approx 0.2ml was

dropped and spin-coated with 3000 rpm for 35 seconds

(the spinner reached 3000 rpm after 5 seconds which was

maintained for 25 seconds). In this coating, precursor films

were formed first at ambient temperature, and then each

coating was followed by subsequent preheating at 250◦C

for 5 minutes in air to evaporate the solvent. The above

procedure was repeated (spinning−drying) 5 times. After

that, the films were post heated at 450◦C for 1 h in the
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Figure 1. The 2D and 3D AFM micrographs of: a — pure ZnO film annealed at 450◦C for 1 h in air. b — AZO film annealed at 450◦C

for 1 h in air, with concentration of 5 at%.

furnace. This heat treatment decomposed the precursor film

and oxidized it so as to produce ZnO film. Finally it was

left to cool down to room temperature. The choice of these

parameters was justified from preliminary investigation.

Finally, the multilayered ZnO films were obtained for

measurements. ZnO thin films grown by sol-gel spin

method were characterized by using a variety of techniques.

The samples were characterized for surface topology and

to confirm the presence of fine particles using an atomic

force microscope (AFM: digital Instrument NanoScope

(R) III, Veeco Digital Instruments Version 5.30r2). The

structural properties of the films were determined by

X-ray diffractometer using CuKα radiation (wavelength
λ = 1.54056 Å) with a Philips X-ray diffractometer (X’pert
PRO, MPD PANalytical) operated at 40 kV, 20mA. The

scanning electron microscopic (SEM) images were recorded

on a LEO 1430 VP microscope. The transmission

electron microscopy (TEM) was undertaken with a Philips

CM20 (at an acceleration voltage of 200 kV). The optical

transmission spectra for Al : ZnO thin films of different

aluminum concentrations was obtained in the ultraviolet

(uv)/visible/near infrared (nir) region from 300 to 1000 nm

using a double-beam spectrophotometer (JASKO V-530,

UV-VIS Version: 1.53) at room temperature. The thick-

nesses of thin films were measured with a profilometer

(Dektak150 from Veeco). The electrical resistivity of thin

films was measured with a four-point probe method.

3. Results and discussion

3.1. Film structure and morphology

In order to study the effect of aluminum concentration on

the microstructural properties of Al-doped ZnO (AZO) thin
films, samples with different values of dopant concentration

(0, 1, 3, 5, and 10 at%) were used. The surface of pure

and AZO thin films observed has a smooth morphology,

and very good adherence to the substrate. The SEM

morphology images of AZO thin films deposited by spin

coating indicate that the AZO thin films have a compact

microstructure, they are very dense and the crystal grains
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Table 1. Parameters of the X-ray diffraction peak (002) pattern of AZO films and the values of thickness and band gap energy at different

aluminum concentration

Samples 2θ (◦) dhkl-spacing, Å FWHM 2θ (◦) Height, cts Crystallite sizes, nm 1x10−4, nm−2

AZO 0% 34.3705 2.60926 0.3011 25062.21 27.61 13.1

AZO 1% 34.3898 2.60784 0.3346 25123.16 24.85 16.2

AZO 3% 34.4549 2.60306 0.2676 1017.39 31.08 10.4

AZO 5% 34.3037 2.61419 0.2007 811.38 41.42 5.8

AZO 10% 34.4292 2.60279 0.6528 953.50 12.74 61.6

cannot be observed. No significant differences were

observed between the surface of pure and doped ZnO films.

The surface topography of not annealed films of ZnO was

studied using atomic force microscopy (AFM). It shows

a film with a corrugated surface and no crystal grain

can be observed, which confirm its amorphous structure.

A careful observation of the annealed film in Fig. 1, a clearly

shows that the nanoparticles are grown and aggregated

quickly at high temperature, they became integrated into

the nanopores. Although, an increase in the surface

roughness mean square (rms) roughness was observed, this

is attributed to a better filling of the pores with annealing.

As a result the grain size of the annealed film is about

27.66 nm. It confirms the size of the crystallites estimated

in XRD (Table 1).

Fig. 1, b presents the surface morphology images of Al-

doped ZnO thin films. As it can be observed, both the

diameters and heights of the ZnO grains are larger as

compared to those of AZO thin films. The rms of the films

is decreased with Al loading and thus effectively smooths

the surface and exhibits a dense film structure.

X-ray diffraction shows ZnO (zincite) structure with

c-axis preferred orientation (002). Fig. 2 shows the XRD

pattern of five films at different doping concentrations.

This crystalline growth of predominately c-axis orientation

depends on the surface energies of the films, the glass

substrate and the interfacial energy between them [10,18].

Figure 2. X-ray diffraction patterns of AZO films grown by

5 cycle spin-coating.

The surface energy density of the (002) plane is the lowest

in a ZnO crystal, this means that (002) texture of the film

may easily be formed [19].
X-ray diffraction shows that no diffraction peaks from

other species could be detected, which indicates that all

the precursors have been completely decomposed during

the decomposition process. Another orientation present is

(004) which confirmed c-axis preferred orientation, (100)
and (101) are also seen with comparatively lower intensities.

All these peaks reflections can be indexed to the known

hexagonal wurtzite structure of ZnO. The analytical method

was used to calculate lattice constants a = b and c for ZnO

film, where the distance dhkl is governed by using analytical

law [20]:

dhkl =
a

√

4
3

(h2 + k2 + hk) +
l2a2

c2

. (1)

The calculated values of a and c were found to be 3.26

and 5.22 Å, respectively. These calculated values are in

agreement with files (JCPDS 00-036-1451) for hexagonal

ZnO. According to the full width at half-maximum (FWHM)
of the diffraction peaks, the mean size of ZnO nanoparticles

Dhkl was calculated using a Scherrer’s Formula [21]:

Dhkl =
kλ

Bhkl cos θhkl
, (2)

where Dhkl is the particle size perpendicular to the normal

line of (hkl) plane, k is a constant (it is 0.9), Bhkl is the full

width at half-maximum of the (hkl) diffraction peak, θhkl

is the Bragg angle of (hkl) peak and λ is the wavelength

of X-rays used. The dislocation density 1, which represents

the amount of defects in the film was determined from the

formula [22]:
1 = 1/D2

hkl. (3)

These values corresponding parameters of the (002) peak

are listed in Table 1.

No significant differences were observed for the pure and

Al-doped ZnO thin films with the exception of the position

of the (002) dominant peak. Some authors attribute this

shift to a substitution of zinc by aluminum in the hexagonal

lattice [12]. The observed d values are in good agreement

with standard d values. The strong intensity and the narrow

width of ZnO diffraction peaks indicate better crystallization
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Figure 3. TEM images and the selected-area electron diffraction pattern of: a — pure ZnO nanoparticles, b — AZO 10% nanocomposite,

elaborated by spin coating.

of the film. However, the ZnO films doped with 1 at% Al

show a preferred orientation along the (002) plane, it means

that doping a small amount of Al in the ZnO film promotes

c-axis orientation. Moreover, the c-axis orientation of the

ZnO film doped above 3 at% Al is decreased. This indicates

that an increase in doping concentration deteriorates the

crystallinity of films, which may be due to the formation of

stresses by the difference in ion size between zinc and the

dopant, and the segregation of dopants in grain boundaries,

for the films with high doping concentrations [23].
In order to have more insight on the crystalline structure,

the films were analyzed by TEM. Fig. 3, a is a TEM a bright

field plane-view image of the pure ZnO nanoparticles. It can

be seen that the nanocrystalline ZnO particles are uniform

and they have sphere-hexagonal shapes with agglomeration.

The particles have a size of about 30 nm, which is of the

same order of magnitude as the value extracted from the

XRD data. The selected-area electron diffraction (SAED)
pattern in Fig. 3 displays several diffraction rings consisting

of some spots, which are typical of a polycrystalline wurtzite

structure. Three important plans of hexagonal structure

(100), (002) and (102) in the form of continuous rings

in the reciprocal space. This implies that the nanoparticles

have multiple-surface orientations. Selected area electron

diffraction pattern recorded on one of doped films shown in

Fig. 3, b, clearly demonstrates that the film is polycrystalline

in nature with a distribution of nano-grained ZnO. Results

revealed that the size of particles of the AZO thin films is

changed compared to those of the pure ZnO thin films, and

they have a strong agglomeration. The grain size of AZO is

of about 7.8 nm, which confirms the DRX and AFM results.

3.2. Optical transmittance results

The UV-vis spectra of the films were studied using the

optical transmittance measurements which were taken in

the spectral region from 300 to 1000 nm. The transmission

spectra of ZnO films deposited under identical spinning

conditions but varying the doping ratio are given in

Fig. 4. The elaborated films are transparent in the visible

range above 400 nm. All the produced films ZnO and

AZO showed a high transmittance (∼ 75−93%), some
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Figure 4. Optical transmittance spectra of ZnO and AZO

thin films prepared by spin-coating (5 layers) deposited at glass

substrate.

authors reported that the use of 2-methoxyethanol and

monoethanolamine (MEA), solvents with high boiling point,

resulted in transparent ZnO films with strong preferred

orientation. Also the films have sharp ultraviolet absorption

edges at 380 nm. This shift can be accounted in terms of

the increase in carrier concentration that blocks the lowest

states in the conduction band which causes a Burstein Moss

effect [24], and enhances the optical band gap. As shown

in Fig. 1, the difference in the optical transmittance may be

attributed to the larger grain size and the porosity of the

films. The low transmittance is due to the segregated Al2O3

and pores formed in the AZO film during annealing.

The optical band gap was evaluated from the transmission

spectra. The absorption coefficient α was evaluated using

the measured value of thickness d using Lambert law [25]:

α =
1

d
ln

1

T
. (4)

Where d is the film thickness. The optical absorption

coefficient α near the absorption edge is given by [26]:

(αhν)2 = A(hν − Eg), (5)

where A is a constant which is related to the effective

masses associated with the bands, and Eg is the band gap

Table 2. Values of the band gap energy and the resistivity

at different aluminum dopant concentration

Samples Eg, eV Resistivity, � · cm

AZO 0% 3.42 6.704

AZO 1% 3.31 0.149

AZO 3% 3.33 0.183

AZO 5% 3.36 0.277

AZO 10% 3.38 20.73

energy. The direct band gap of ZnO thin film was estimated

by plotting (αhν)2 versus the photon energy hν , and by

extrapolating the linear portion of the graph to the energy

axis at α = 0. The values corresponding Eg of the produced

films are listed in Table 2.

It can be noticed from the above results that the optical

gap of 3.3−3.38 eV for Al doped ZnO thin films is in

good agreement with values reported in the literature. The

difference registered between the gaps of AZO thin films is

due to the doping effect on the absorption edge, it appears

as a blue shift. The optical band gap shows a slight decrease

in the gap value of doped films than the pure ZnO film; this

is in agreement with Burstein−Moss effect, showing the

increase of band gap by the doping of Al [27].

3.3. Electrical properties

The effect of aluminum doping on the electrical resistivity

of ZnO thin films was studied. The electrical resistivity

of AZO films is function of aluminum concentration

(Table 2). A strong decrease of the resistivity with Al doping

content was observed. The resistivity of the deposited

AZO thin films decreases considerably when aluminum is

incorporated. At room temperature, the pure ZnO film has

a resistivity of 0.67� · cm. For aluminum doped AZO

thin films, the resistivity with 1 at% Al dropped down to

1.49 · 10−2 � · cm, then, a slight increase of the resistivity

is observed about 3 and 5 at% Al doping.

In particular, the doped ZnO film and exhibits a minimum

resistivity with low doping concentration (1−2) at% of

Al [16,28]. These resistivity values are similar to those

reported in the literature for Al-doped ZnO film synthesized

by sol-gel techniques [29]. The decrease in the resistivity

with increased Al concentration can be interpreted as

a result of electrons coming from the donor Al3+ ions

incorporated as substitution a Zn2+ cation site or in an

interstitial position [30].
However, the deterioration of electrical properties in the

AZO with large doping concentration films and the excess

of Al seemed to be due to a decrease in the mobility of

carriers caused by segregation of Al2O3 at grain boundaries

and partially pore.

4. Conclusions

The thin film deposition by sol-gel technique is a chain

process where the quality and properties of the final product

rely on the intermediate steps. Pure zinc oxide and

aluminum doped zinc oxide films were prepared onto glass

substrates by spin coating. They were characterized by using

a variety of techniques. Morphology of the films showed

that they were very smooth. The X-ray diffraction pattern

of the crystalline AZO thin films reveals the existence of a

ZnO single-phase with a hexagonal wurtzite structure. The

XRD pattern consists of a (002) main peak, which is due

to ZnO crystals that grow along the c-axis with a high

degree of orientation. The thin films were characterized
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by ultraviolet-visible spectrophotometry, which indicate that

sol-gel ZnO films have potential applications such as

transparent electrodes in optoelectronic devices. All the

films exhibited a transmission of over 75% in the visible

region. The doped films showed a direct transition in the

range 3.3−3.38 eV. The electrical resistivity of the films

strongly depended on the Al concentration. Al-doped films

had a lower resistivity than pure films. Under the optimized

deposition condition the AZO: l% film showed a resistivity

of 1.49 · 10−2 � · cm.

In conclusion, it may be considered that the deposited

crystalline ZnO thin film was suitable for many optical

devices, such as solar cells, gas sensors, surface acoustic

devices, transparent electrodes, etc. Furthermore, we

consider that the electrical properties of the deposited ZnO

thin films will also give good results for these applications

and studies on this matter are in progress.
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