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Abstract Al doped ZnO nanostructures deposited on FTO

glass substrate by spray pyrolysis method with different Al

doping levels (0–5 wt%). The structural, morphological,

optical and electrical properties of fabricated samples were

analyzed using X-ray diffraction (XRD), field emission

scanning electron microscopy (FESEM), atomic force

microscopy (AFM), photoluminescence (PL), four point

probe, and UV–Vis spectroscopy. The results obtained

from XRD analysis indicated that the growth preferred

orientation of the ZnO thin films strongly depend on Al

doping value. Also the crystalline plane distance and grain

size decreased while free electron density and energy band

gap enhanced as the Al doping value increased. PL analysis

revealed the Near Band emission in PL spectra shifts to

shorter wavelengths and Fermi surface shifts to conduction

band with increasing the Al content. Electrical measure-

ments illustrated that the resistivity reduces with doping Al

into ZnO and reaches to minimum value for 3 % Al doped

sample. Also the surface morphology and surface rough-

ness of samples deposited by various Al doping values

studied by FESEM and AFM analyzes.

1 Introduction

Zinc oxide (ZnO) is one of the technological semicon-

ductor materials due to its interesting properties such as

wide optical band gap (3.37 eV) at room temperature, high

transparency, large exciton energy (60 meV), high chemi-

cal stability, and wide range of resistivity which can extend

from 10-4 to 102 X cm [1–3]. ZnO-based structures have

been applied in a variety of fields such as light emitting

diodes, photo diodes [4], solar cells [5, 6], gas sensor [7],

surface acoustic wave devices [8], field effect transistor [9]

and piezoelectric devices [10].

ZnO has a wurtzite crystal structure and exhibits n-type

conductivity which might be caused by intrinsic defects,

oxygen vacancies and zinc interstitials. The conductivity of

ZnO thin films can be enhanced by the substitution of Zn

with various elements such as Al, Ga, In [11], Ta, Ni, Sn

[12, 13] and Cu [14]. Al is preferable as a dopant source

because ionic radius of Al3? ion (0.54 Å) is much smaller

compared to Zn2? (0.74 Å) then it is more suitable to

occupy the interstitial site [15]. Al doped ZnO thin films

have low electrical resistivity and high transmittance in the

visible region. The electrical conductivity and thermal

stability of ZnO thin films can be improved by doping of

Al. Also the optical band gap of ZnO can be controlled by

Al doping amount [4]. Hence, it is important to investigate

the influence of the dopants on the structural, optical, and

electrical properties of ZnO nanostructure prior to

employing these materials in practical applications [6, 7].

Some researchers are investigated the effect of Al doping

value on different properties of ZnO nanostructure grown

by different deposition techniques so far, including

molecular beam epitaxy [4], hydrothermal method [11],

chemical vapor deposition [16], pulsed laser deposition

[17], sol–gel process [5], magnetron sputtering [18], electro
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deposition [19], and spray pyrolysis [4, 20]. Among them,

spray pyrolysis technique is considered as an inexpensive,

reproducible and particularly useful method for the growth

of nanostructures on large area substrates at low tempera-

tures. Also control of dopant concentration in this method

is simple with respect to other techniques [21, 22].

As it was previously mentioned, ZnO nanostructures can

be used as a window layer, electrodes on hydrogenated

amorphous silicon based solar cells and dye sensitized

solar cells [23]. AZO nanostructures have appeared as an

attractive option in the design of transparent electrodes in

thin films solar cells due to the simultaneous occurrence of

high transmittance in the visible region and low resistivity

[5].

ZnO has the similar energy band structure and physical

properties with TiO2 which frequently use as photo anode

in dye sensitized solar cell. However ZnO electron mobility

is higher than TiO2 which will help to improve the effi-

ciency of photo generated electron transfer and decrease

the electron recombination probability. As regards the

electrical conductivity of AZO thin film is higher than ZnO

film, it is expected to exhibit reduced recombination and

the enhancement of photocurrent with faster electron

transport in AZO nanostructures. As a result, the efficiency

of dye sensitized solar cells improve using the Al doped

ZnO as a photoanode [5, 6]. Consequently, study of optical

and electrical properties variations of Al doped ZnO seems

to be useful for improvement of photovoltaic properties in

dye sensitized solar cells.

In the recent years, many researchers are investigated Al

concentration effect on the optical and the electrical

properties of AZO thin films. Gurbuz et al. [15, 24]

investigated the effect of the annealing temperature and Al

concentration on the optical and electrical properties of the

ZnO and AZO thin films deposited on the SiO2 substrate.

Park et al. [25] studied electronic structure of AZO thin

film which was deposited by ALD method on SiO2 sub-

strate as a function of Al concentration. Al-Ghamdi et al.

[26] studied the optical and structural properties of AZO

thin films which were deposited on glass substrate by spin

coating method. Although the AZO thin films properties

have been studied by many researchers, but there are few

experiments which are investigated properties of AZO thin

film deposited on FTO substrate. Thus a comprehensive

study on Al concentration effect on the structural, optical

and electrical properties of AZO thin films deposited on

FTO substrate can receive much attention.

In the present work, AZO thin films are deposited on

FTO substrate by spray pyrolysis method and their struc-

tural, optical and electrical properties are comprehensively

investigated as a function of Al doping levels. Deposition

of AZO thin films on FTO substrate using spray pyrolysis

method as a cheap and easy technique could be used for

fabrication of solar cells in commercial scale in the next

future. The main goal of the present research is the Al

concentration effect on the structural, morphological,

optical and electrical properties of AZO thin film deposited

by spray pyrolysis method. Some important parameters of

these deposited thin films such as optical transmittance,

band gap, electrical resistance, charge carriers concentra-

tion, carrier mobility, grain size and surface roughness as a

function of Al concentration are measured and compared

with similar reported results.

2 Experimental details

Undoped and Al doped ZnO nanostructures were deposited

by spray pyrolysis method. The used spraying set up was a

homemade system that we were developed in our lab to

perform a uniform spraying sample. The spray solution was

prepared by dissolving zinc acetate (Merck) in a mixture of

deionized water and methanol with the ratio of 1:3. A few

drops of acid acetic were added to the solution in order to

prevent the formation of zinc hydroxide. Aluminum chlo-

ride was used as the source of dopant. The dopant con-

centration (Al/Zn at.%) was varied from 0 to 5 at.% and the

concentration of precursor solution was 0.2 M. Also

compressed ambient air was used to atomize the solution

and the flow rate was kept 3 ml/min during preparation of

samples. The nozzle to substrate distance was maintained

at 15 cm and the substrate temperature was 450 ± 5 �C
which controlled using an electronic temperature controller

K-type thermocouple. The substrate was a FTO coating

glass with resistivity of 15 X/sq and thickness of 200 nm,

which was cut in the dimensions of 10 9 10 9 2 mm3.

Initially the substrates ultrasonically cleaned in acetone,

ethanol, and distilled water respectively and then dried in

air.

The crystalline structures of the films were determined

using a Philips diffractometer (Xpert pw3373) with a step

size of 0.02� and count time of 1.0 s per step. Morpho-

logical properties of deposited samples were investigated

by field emission scanning electron microscope (FESEM,

Hitachi S-4160) and atomic force microscopy (AFM, Auto

Probe Pc; in contact mode, with low stress silicon nitride

tip of less than 200 Å radius and tip opening of 18�)
analysis. Also the thickness of the films were measured by

cross-sectional FESEM images and found to be 10 and

200 nm for AZO thin film and FTO substrate, respectively.

The optical transmittance spectrum of the films was mea-

sured in the wavelength range of 300–1100 nm by a high

resolution spectrophotometer (Camspec, Model M350).

Also the photoluminescence (PL) spectra were measured

using a Cary Eclipse (Model: Stellar Net EPP-200) spec-

troscopy at room temperature. In this analysis, the He-Cd
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laser (325 nm) was used as the excitation source. The sheet

resistance was measured with four point probe system

(Yasaleh model FPP02). The carrier concentration and

carrier mobility were determined in the Van der Pauw

configuration, using a Hall effect measurement system.

3 Results and discussion

3.1 Structural properties

The X-ray diffraction (XRD) pattern of AZO thin films

deposited on FTO substrates with different Al doping

values are shown in Fig. 1. The respective positions of ZnO

diffraction peaks show that all the films are polycrystalline

with ZnO hexagonal wurtzite structure. For all ZnO

diffraction peaks, the respective positions of peaks are in

suitable agreement with the Joint Committee for Powder

Diffraction Standards (JCPDS) standard data for ZnO

powder (See JCPDS Card no: 00-036-1451).

All the films have a polycrystalline structure as indicated

by the emergence of the ZnO (100), ZnO (002), ZnO (101),

ZnO (102) and ZnO (103) peaks (see Fig. 1). No peaks

observed related to the other compounds such as Al2O3

phase in the XRD patterns, which indicates that Al atoms

substitute Zn in the ZnO lattice and Al ions may occupy the

interstitial sites of ZnO or segregates to the non-crystalline

region in grain boundaries and forms Al–O bond.

From Fig. 1 it observable that the (002) diffraction peak

of AZO thin films is shifted to larger angle as compared to

undoped ZnO thin film. The displacement of (002)

diffraction peak to larger angel may be attributed to sub-

stitution of Zn2? ions by Al3? ions at ZnO lattice sites

[20, 27].

The inset in Fig. 2 shows the variations of diffraction

angle and the crystalline plane distance (d) value of the

ZnO (002) diffraction peak as a function of Al doping

content. As it is observable from Fig. 2, with enhancement

of Al doping level the ZnO (002) peak position shifts to

larger angle while the crystalline plane distance value

decreases. Since Al3? has a smaller ionic radius with

respect to Zn2?, the substitution of Zn2? ions by Al3? ions

results in the decrease in the crystalline plane distance [16].

With substitution of a smaller ion instead of bigger one,

lattice distance reduces and according to Bragg law

2d sin h ¼ nk, the diffraction angle increases. Therefore,

the increasing of the diffraction angle corresponds to a

reduction in the crystalline plane distance (d).

The same results were reported by Park et al. [28] and

Benzarouk et al. [29] for Al doped ZnO. Also, similar

behavior is seen for ZnO doping with other elements such

as Ta [12] and Ni [13].

The average crystallite size is estimated with the help of

Scherrer’s relation [30]:

D ¼ kk=bcosh ð1Þ

where k is a constant, k is the X-ray wavelength, b is the

full width at the half maximum (FWHM) in radian of the

peak and h is the Bragg diffraction angle. The average

crystallite size of the AZO thin films with the variety of Al

content from 0 to 5 % are shown in Fig. 2. From Fig. 2 it is

observable that the average crystallite size decreases from

56.2 to 31.8 nm with increasing of Al doping level from 0

to 5 %. The reduction of crystallite size with increasing the

Fig. 1 XRD patterns of the thin films deposited with different Al

content

Fig. 2 The variations of the average grain size, interplanar spacing

(d) and peak position of ZnO (002) versus Al content
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Al doping value may be due to the substitution of Zn2?

ions by Al3? ions in crystalline structure.

Figure 3 shows the intensities of ZnO (002) and ZnO

(101) diffraction peaks as a function of Al doping levels.

From Fig. 3 it is observable that the intensities of the all

ZnO diffraction peaks are decreased when Al is doped in

ZnO. However, when the Al doping level reaches to 3 %,

the ZnO (101) peak intensity has an increase, indicating a

change in the preferred crystalline orientation of the AZO

thin films.

In order to investigation of the Al doping effect on the

preferred orientation of the AZO thin films, the texture

coefficient for the AZO thin films was calculated using

relative texture coefficient via the following equation [30]:

TCðhklÞ ¼ IðhklÞ=I0ðhklÞ
1
N

P
IðhklÞ=I0ðhklÞ

ð2Þ

where TC (hkl) is the relative texture coefficient of

diffraction peaks, I (hkl) is the measured relative intensity

of a plane (hkl), I0 (hkl) is the standard intensity of plane

(hkl) according to the JCPDS card 36-1451 and N is the

reflection number of diffraction peaks. A sample with

randomly oriented crystallite yields TC (hkl) = 1, while if

TC (hkl) be more than one, it means that population of

grains at (hkl) orientation is high, and for 0\TC(hkl)\ 1

values a few grains are grown at (hkl) orientation.

The calculated texture coefficients for ZnO (002) and

ZnO (101) diffraction peaks are listed in Table 1. For

undoped ZnO thin film, the values of the TC (002) and TC

(101) were found to be 1.54 and 1.24, respectively. This

result reveals that undoped ZnO thin film has a

polycrystalline structure with (002) ZnO preferred orien-

tation. The presented results in Table 1 indicate that with

increasing of Al doping level from 0 to 5 %, the value of

TC (002) decreases from 1.54 to 0.91. On the other hand,

with the enhancement of Al doping level from 0 to 2 % the

value of TC (101) reduces from 1.24 to 1.19 while it

increases from 1.73 to 2.32 with further increasing of Al

doping level from 3 to 5 %. These results are in reasonable

agreement with variations of intensities of ZnO (002) and

ZnO (101) diffraction peaks presented in Fig. 3. Also

results presented in Table 1 reveal the replacement of

preferential orientation from (002) to (101) ZnO plane,

when the Al doping level reaches to 3 %.

These results are in perfect agreement with reported

results by Castaneda et al. [31] which showed that at low

Al doping samples, the doping have no effect on (002)

growth orientation, while at high Al doping samples,

growth preferred orientation is changed from (002) to

(101).

It is clear that the Al doping value plays an important

role in the crystallinity of the AZO thin films. The variation

of growth orientation from (002) to (101) may have three

reasons; firstly the enhancement of stacking defects and

periodic loss in ZnO lattice, secondly segregation of Al

around the grain boundaries [21, 22] and thirdly the change

of intrinsic strain through doping [32, 33].

In the present study, the variation of intrinsic strain

through doping leads to change of lattice constants, due to

the smaller ionic radius of Al3? (53 pm) as compared to

Zn2? (74 pm). It is important to analysis the strain, because

it affect significantly the structural properties of AZO thin

films. The mean strain for ZnO thin films with wurtzite

structure can be obtained by the following formula [34]:

ezz ¼ ðc� c0Þ=c0 ð3Þ

where ezz is the mean strain in ZnO thin films, c is the

lattice constant of the ZnO thin films, and c0 is the lattice

constant of bulk (standard c0 = 0.5206 nm). Also it is

important to note that the lattice constant c of the (002)

plane is calculated using the following equation [30]:

1

d2
¼ 4

3

h2 þ hk þ k2

a2

� �

þ l2

c2
ð4Þ

where a and c are the lattice constants and d is the crys-

talline plane distance for indices (hkl) which is obtained

from the XRD patterns.

The lattice mismatch in AZO crystalline structures can

be related to degrees of stress during the deposition process

of AZO thin films. For hexagonal crystals, the stress in the

crystalline plane of the film (r) can be calculated by the

biaxial strain model [35]:

r ¼ 2c13 � ðc11 þ c12Þðc33=c13Þð Þezz ð5Þ
Fig. 3 The relative intensities of (002) and (101) ZnO diffraction

peaks as a function of Al content
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where Cij (i,j = 1,2,3) are elastic stiffness constants. For

ZnO thin films C13, C11, C12 and C33 are 106.1, 207.0,

117.7 and 209.5 GPa, respectively [35].

The strain and stress of AZO thin films calculated by

Eqs. 3 and 5 are presented in Table 1. The negative sign

for the calculated stress for all samples indicates that

c\ c0, so the crystallites are in a state of compressive

stress. Also, from Table 1 it is observable that the stress

enhances as the Al concentration increases.

In brief, when Al3? ion located in Zn2? ion sites,

because of smaller ionic radius of substitution element

(Al3? ion) with respect to host element (Zn2? ion), the

crystalline plane distance (d) reduced and according to

Bragg formula, diffraction angle (h) increased, thus (002)

ZnO peak location shifted to higher angles. At low Al

doping value, Al3? ions could not seriously change the

growth orientation in the lattice, but with the increasing of

Al doping value, the substitution Al3? ions in Zn2? sites

limited ZnO atoms growth at (002) orientation. Thus ZnO

atoms grown at other crystal planes such as (101) orien-

tation, as it is reported by other researchers [36, 37].

3.2 Optical properties

Figure 4 exhibits the optical transmittance of the AZO thin

films deposited with various Al doping values from 0 to 5 %,

in the range of UV–Vis wavelength (300-1200 nm). As can

be seen from transmittance spectra, the average optical

transmittance exceeds 85 % in the visible wavelength range.

From Fig. 4 it is observable that the transmittance of

AZO thin films in the visible region decreases as the Al

doping level increases. The reduction of the transmittance

can be attributed to scattering from the grain boundary.

Moreover, the crystal defects increase when Al3? ions are

introduced in ZnO lattice, resulting in the enhancement of

photons scattering. Similar results are also reported by

Prajapati et al. [37] and Dghoughi et al. [39].

In order to study the Al doping effect on the optical

properties, the absorption edge of the AZO thin films is

investigated. The absorption coefficient, a(k), is defined as:

T ¼ exp½�aðkÞt� ð6Þ

where T is the optical transmittance and t is the thickness

of AZO film.The optical band gap is calculated by the

following relationship [40],

ahm ¼ Aðhm� EgÞn ð7Þ

where hm is the photon energy, Eg is the optical band gap

and A is a constant. Also the value of n depends on the

probability of transition. It takes values as 1/2, 3/2, 2 and 3

for direct allowed, direct forbidden, indirect allowed and

indirect forbidden transition, respectively. For direct band

gap semiconductors like ZnO, the value of n is 1/2. The

optical band gap obtain by plotting the (ahm)2 versus (hm)

which extrapolating the straight linear portion of this plot

to the photon energy (hm) axis would give the optical band

gap value.

Figure 5 shows the variation of (ahm)2 versus (hm) used

for calculating of the optical band gap. The optical band

gaps determined from these curves are listed in Table 2.

The optical band gap energy is found to be 3.14 eV for

pure ZnO thin films. It can be seen that the optical

Table 1 Lattice parameter (a

and c), texture coefficient for

(002) and (101) planes, strain

and stress for AZO thin films

with different Al doping levels

Al content (%) lattice parameters (Å) TC (002) TC (101) Strain (%) Stress (GPa)

a c

0 3.247 5.205 1.54 1.24 -0.019 -0.082

1 3.241 2.203 1.29 1.15 -0.057 -0.247

2 3.237 5.200 1.14 1.19 -0.115 -0.494

3 3.228 5.198 1.03 1.73 -0.153 -0.659

4 3.226 5.196 0.98 2.30 -0.192 -0.823

5 3.224 5.195 0.91 2.32 -0.211 -0.906

JPDS card 3.250 5.206

Fig. 4 Optical transmittance spectra of samples deposited with

different Al content
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absorption edge exhibits a blue shift with doping of Al. The

blue shift in the absorption edge can be related to the filling

of the small density of states and the enhancement of

carrier concentration in the AZO thin films. This phe-

nomenon is known as the Burstein–Moss (BM) effect [38].

In fact, with doping of Al in ZnO, the carrier concentration

increases, Fermi level shifts to conduction band and then

the band gap value increases [41, 42]. More explanations

about the increasing of carrier concentration due to Al

doping into ZnO will be discussed in Sect. 3.4.

On the other hand, the displacement of the absorption

edge of the ZnO with Al doping can be observed signifi-

cantly at wavelength smaller than 400 nm. These results

indicate that the produced AZO thin films can be used in

photovoltaic applications due to the sharp enhancement of

absorbance in the strong absorption region.

3.3 Photoluminescence

Figure 6a shows the photoluminescence (PL) spectra of

AZO thin films deposited by different Al doping values

which are measured in room temperature. The PL spectra

of AZO thin films are featured by a near band edge (NBE)

emission in the ultraviolet region, and two peaks in blue

and green region due to deep-level emission (DLE). Fig-

ure 6b presents a schematic of energy levels of the usual

defects in ZnO thin films. As shown in Fig. 6b the NBE

emission can be related to the free exciton recombination

near to band gap while the DLE is attributed to the pres-

ence of defects in ZnO lattice, such as Zn vacancies,

interstitials, and oxygen vacancies [19]. As it can be seen

from Fig. 6a, the enhancement of Al doping concentration

leads to the increasing of NBE and DLE intensities of

peaks. The increasing of these intensities are mainly due to

the enhancement of defects in ZnO lattice and the reduc-

tion of crystal quality [43, 44].

From the PL spectra, it can be seen that the NBE peak of

the undoped ZnO thin film is centered at 3.14 eV

(395 nm). Also the blue and green emissions are centered

at 2.83 eV (438 nm) and 2.50 eV (496 nm) respectively.

The site of NBE and DLE peaks for the ZnO and Al doped

ZnO are given in Table 2. Presented results in Table 2

revealed that the NBE peak shifts to shorter wavelengths

(blue shift) with the enhancement of Al doping, while the

DLE peaks doesn’t shift significantly as the increasing of

Al doping level. A blue shifting of the NBE peak with the

increasing of Al doping levels can be related to Moss-

Burstein effect [33, 36]. It is known that the replacement of

Zn2? by Al3? ions in AZO nanostructures leads to increase

the Fermi level and then the broadening of optical band

gap, which causes a blue shift in NBE peak. The calculated

energy gap values from Tauc formula in pervious section

confirm this blue shift. Similar results are reported by other

researchers [45, 46].

3.4 Electrical properties

The electrical resistivity (q), the mobility (l), and the

carrier concentration (n) of the AZO thin films as a func-

tion of Al doping value are shown in Fig. 7. As it is shown

in Fig. 7, the electrical resistivity decreases as Al content

increases from 0 to 3 % while with further increasing of Al

doping value from 3 to 5 % the electrical resistivity

enhances. Also presented results in Fig. 7 reveals the

enhancement of mobility and charge carrier concentration

with increasing of Al content from 0 to 3 % and then

reduction of these parameters with more Al doping value.

The reduction of electrical resistivity and increasing of the

charge carrier concentration at low Al doping value can be

related to the free electrons generation due to the

enhancement of Al3? ions into ZnO lattice. However, at

high Al doping values the excess Al ions occupy interstitial

sites instead of substitution sites, result in more defects in

ZnO lattice, and thus the reduction of mobility and charge

carrier concentration [33, 47].

Fig. 5 The plot of (aht)2 versus (ht) for Al doped ZnO thin films

deposited with different Al content

Table 2 The band gap energy values, NBE and DL emission in PL

spectra

Al content (%) Eg (eV) NBE emission (eV) DL emission (eV)

0 3.14 3.14 2.83

1 3.15 3.15 2.83

2 3.16 3.16 2.83

3 3.18 3.17 2.84

4 3.19 3.19 2.84

5 3.20 3.19 2.84
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3.5 FESEM results

For all the samples deposited with different Al doping

values, the top and cross sectional FESEM micrographs are

shown in Fig. 8. It can be seen from FESEM images that

the Al doping value plays an important role in the mor-

phological properties of AZO thin films deposited on FTO

substrate. Figure 8 shows a decrease in the size of the

grains/clusters with increasing the Al doping value. The

reduction of grain size with increasing the Al content is

consistent with the results obtained from XRD patterns.

3.6 AFM results

Figure 9 shows the AFM images (2D and 3D) of the AZO

thin films deposited on FTO substrates with various Al

doping levels. All AFM images are obtained in a scanning

area of 3 lm 9 3 lm. Also the histograms of distribution

of the grain sizes on the AZO surface deposited with dif-

ferent Al doping levels are presented in Fig. 9. As it can be

seen from the grain size distribution histograms, when Al is

doped in ZnO the histograms show a decrease in the size of

the most of the grains. Indeed, the modes of the distribu-

tions (their peak points) vary from 64 to 61, 41, 37, 34 and

then 21 nm for the thin films deposited with 0, 1, 2, 3, 5

and 5 % Al content, respectively.

As it was already mentioned, it can be due to the fact

that ionic radius of the substitution element (Al3? ions) is

smaller than the host element (Zn2?), and therefore the size

of the grains on the surface of the AZO thin films gets

smaller as Al doping value increases.

To analyze and compare the surface roughness of the

AZO deposited thin films, in each experiment, the rough-

ness of three random areas over the surface of sample

Fig. 6 a The room temperature

PL spectra of samples deposited

with different Al content,

b energy levels of the defects in

ZnO thin films
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Fig. 7 The electrical resistivity,

mobility and carrier

concentration of the Al doped

ZnO thin films deposited with

different Al content

Fig. 8 The cross sectional and top view of the FESEM images of Al-doped ZnO films deposited with a 0 %, b 1 %, c 2 %, d 3 %, e 4 % and

f 5 % Al content
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Fig. 9 2D and 3D AFM

micrographs and histograms of

distribution of size of grains on

the surface of the Al doped ZnO

thin films deposited with a 0 %,

b 1 %, c 2 % d 3 %, e 4 % and

f 5 % Al content

10234 J Mater Sci: Mater Electron (2016) 27:10226–10236

123



measured, and the average and root means square (rms)

roughness values of the measurements recorded. The

recorded average and rms values of the roughness mea-

surements are plotted versus the Al content and shown in

Fig. 10. As it can be seen from Fig. 10, the average and

rms roughness reduce with increasing the Al doping value.

This is consistent with our previously mentioned general

explanation: the enhancement of Al doping value leads to

decrease the size of the grains on the surface and then the

surface roughness reduces. The FESEM results clearly

confirm the presence of smaller grains/clusters on the

surface of deposited samples with increasing the Al

content.

4 Conclusions

Al doped ZnO nanostructures were deposited on the FTO

glass substrate by spray pyrolysis method. The structural,

morphological, optical and electrical properties of the thin

films deposited with various Al doping values were

investigated. From XRD patterns it was found that Al

doping level had a key role on crystal quality and preferred

crystal orientation of AZO thin films. The AZO films

deposited with lower Al doping values showed a preferred

crystal orientation along the (002) plane, However the

preferred crystal orientation changed from (002) to (101)

with the enhancement of Al doping level from 3 to 5 wt%.

AFM results indicated that surface roughness and the size

of the grains on the surface of the AZO films decrease as Al

doping value increases. Also FESEM images confirmed

that size of the grains/clusters decrease with increasing of

Al doping level. The lowest resistivity and highest optical

transmittance in the visible range were obtained for the

sample deposited with 3 wt% Al doping value. Moreover,

the results of the optical transmittance and PL spectra

revealed that the optical band gap and the defects in the

AZO nanostructures can be control by varying the Al

doping values. Also the displacement of the absorption

edge of the ZnO with Al doping due to Moss-Burstein

effect observed significantly at wavelength smaller than

400 nm. These results indicated that the produced AZO

thin films can be used in photovoltaic applications due to

the sharp enhancement of absorbance in the strong

absorption region.
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