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Al  doped  ZnO  (AZO)  nano-composite  films  were  synthesized  on  glass  substrates  with  the  sol–gel  spin-
coating  method  at the  room  temperature.  The  activation  energy  of  AZO  nano-composite  films  was
calculated  to be  49 kJ/mol  for the  particles  growth.  The  electrical,  structural  and  optical  properties  of
AZO films  were  determined  by  changing  ZnO:water  and  ZnO:Al  ratios.  ZnO:water  and  ZnO:Al  ratios  play
ptical properties
ano-composites
hin films
urface properties

an important  role  in  controlling  the  electrical  conductivity  of  the  AZO nano-composite  films.  The  opti-
mum  doping  ratio of Al was  found  to  be  2%  in  terms  of  the lowest  resistivity,  and  above  2%  Al-doping
concentration,  the  surface  resistivity  of AZO  nano-composite  films  starts  to increase.  The  optical  highest
transmittance  of the  films  of  86%  in  visible  region,  and  low  surface  resistivity  of 70  �/�  can  be  obtained
for  the optimum  doping  ratio  of  Al.

©  2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Al-doped ZnO (AZO) is a very important transparent conducting
xide (TCO) material that has good electrical and optical proper-
ies. AZO structures have a number of applications in electronic
evices such as a sensor, solar cell and display devices [1,2]. AZO

s commonly used in various applications due to its highly visi-
le transparency and good electrical conductivity. Many methods
ave been used to prepare AZO films such as sol–gel, chemical
apor deposition (CVD), pulsed laser deposition (PLD), and sputter-
ng [3,4] generally in researches. Zinc oxide (ZnO) which is used in
arious researches is a semiconductor material that has a wide band
ap, a wide range resistivity, high mobility and high transparency
2,5]. It is a cheap, non-toxic and chemically stable metal oxide

aterial. Carriers, which act as donors, are formed through the
onization of zinc interstitials and oxygen vacancies to contribute
he native intrinsic n-type conductivity behavior. A well-known
ide-band gap, wurtzite structured zinc oxide with four-fold tetra-
edral coordination lies in the border between ionic and covalent
emiconductors. In our early work [6], we found the properties

f nanostructured ZnO nano-composite films can be controlled by
hanging the Dea:water ratio. In order to understand the similar
nfluences of chemical ratios, in this case, we studied the optical

∗ Corresponding author. Tel.: +90 5323434202; fax: +90 212 2611121.
E-mail address: oarier@gmail.com (Ü.Ö.A. Arıer).

ttp://dx.doi.org/10.1016/j.ijleo.2016.02.020
030-4026/© 2016 Elsevier GmbH. All rights reserved.
and conductivity properties of the AZO films. Generally, Al atoms
are doped to ZnO films for the increment conductivity of the films.
In recent years, AZO films were studied by many researchers [7–9].
Especially, the activation energy for the AZO dyes have been cal-
culated to be in the range of 51–101 kJ/mol [10–12], and at least
298 kJ/mol for the Al doped ZnO powders [13], but the activation
energy of AZO as form of thin film prepared by sol–gel technique
has not been reported before. In this study, the important exper-
imental parameters, such as heat-treatment temperature of the
nanostructured films or ZnO:Al and ZnO:water ratio of the sol
before annealing were varied in order to understand the influences
of these parameters on electrical, structural and optical properties.
The growth kinetics of films were investigated and the activation
energy was  calculated. This value was  found to be lower than the
values reported in the literature. On the other hand, the crystal-
lite size, band gap energy and sheet resistance of single-layer AZO
films were investigated. The resistivity of the AZO thin film is also
varied by other parameters, such as crystal orientation, defects,
electron scattering at the grain boundaries, high annealing tem-
perature, and different medium (pressure) as mentioned before by
other authors [14–17]. These factors also affect the resistivity, but
controlling the particle size has a crucial importance among them
for further applications of semiconducting thin films. Our calcu-

lated resistivity values are comparable and enough low to those
findings in the literature. As a result, we  expect that the incorpo-
ration of Al atoms in the place of Zn lead to the generation of free
electrons, to decrease the sheet resistivity of AZO films.

dx.doi.org/10.1016/j.ijleo.2016.02.020
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2016.02.020&domain=pdf
mailto:oarier@gmail.com
dx.doi.org/10.1016/j.ijleo.2016.02.020
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. Experimental

.1. Preparation of AZO films

AZO thin films were prepared using sol–gel method. The sol
as prepared by dissolving zinc acetate dihydrate (ZnAc) in

sopropanol, and then, aluminum butoxide was added. A homo-
eneous and stable sol was prepared by dissolving the zinc acetate
n a solution of isopropanol and diethanolamine. First, as a pre-
ursor solution of ZnAc:2propanol:Dea:water:Al, a volume ratio of
.4:4:0.1:0.2: (1, 2, 3, 4%) was used. Second, ZnAc, Al, 2propanol,
ea, Al (% 2) concentrations were held fixed, and crystallite size
as controlled only by changing the ZnO:water volume ratio, e.g.,

o 5, 4, 2.5 and 2. AZO films were prepared on the corning 2947
lass by a spin coater. These samples were heat-treated at 500 ◦C
or 1 h, and in order to calculate the activation energy, the films
ere annealed at 550, 600, and 650 ◦C.

.2. Sample characterization

Structural analysis and surface morphology of the resulting
lms were carried out by X-ray diffraction (XRD-GBC-MMA, Cu-
� radiation), atomic force microscopy (AFM-Shimadzu scanning
robe microscope SPM-9500J3), transmission electron microscopy
HR-TEM), and scanning electron microscopy (SEM – Shimadzu
canning probe microscope SPM-9500J3). The optical analysis of
lms was determined by a spectrophotometer (Perkin Elmer). Four
oint probe was used to determine the sheet resistivity of films.

. Results and discussion

.1. Structural analysis

XRD patterns of the nanostructured AZO films which were

repared for different ZnO:Al ratios are shown in Fig. 1A. Three
ell-defined diffraction peaks were identified as {1 0 0}, {0 0 2},

nd {1 0 1} planes of hexagonal wurtzite structured (JCPDS: 36-
451) zincoxide [18,19]. The Al phase was not observed in the XRD

ig. 1. X-ray diffraction patterns of AZO nano films for different (A) ZnO:Al ratios ann
emperatures. (D) The calculated average crystallite size of the nanostructured AZO thin film
t  annealing temperature of 500 C. (Peak positions in 2� deg.: 31.72, 34.58, 36.44). (E) Plo
 127 (2016) 5065–5069

diffraction patterns due to the low doping concentration of Al and
the insufficient heat treatment temperature for the crystallization
of Al. The crystallite sizes of the AZO nanostructured films with dif-
ferent ZnO:Al volume ratio of 1, 2, 3, 4% were determined by using
the Scherrer equation [20]

D = K�

B cos �
,

where D is the diameter of the nanocrystallites, K is a constant
(0.89), � is the wavelength of the incident light (for Cu K� radi-
ation � = 1.54056 Å), B is the full width at half-maximum (FWHM)
of the diffraction line and � is the Bragg angle. The crystallite size
increases from 1.78 to 7.9 nm;  2.1 to 9.1 nm;  1.95 to 8.5 nm, for the
ZnO:Al volume ratio of 4, 3, 2, 1%, respectively. The results sug-
gested that the crystallinity of AZO thin films is decreased with
ZnO:Al volume ratio. The XRD patterns of 2 wt%  aluminum doped
ZnO synthesized with different ZnO:water volume ratios on a glass
substrate are shown in Fig. 1B. The diffraction peaks of AZO nano-
composite films were observed at {1 0 0}, {0 0 2}, and {1 0 1}, which
belong to hexagonal wurtzite structure, again. The crystallite sizes
are calculated for ZnO:water volume ratios: 5; 4; 2.5; 2 from {1 0 0},
{0 0 2}, and {1 0 1}, and the peaks increases from 5.7 to 10.2 nm,
6.8 to 15.2 nm,  and 6.3 to 12.3 nm,  respectively. The increment of
the water ratios supported the agglomeration and then the crys-
tallite size was  increased by decreasing the ZnO:water ratio. The
water ratio affects the hydrolysis and the nucleation reactions in
AZO solution. The hydrolysis rates are low for less water ratio
and too much alkoxide in the solvent. The crystallite size of ZnO
nanoparticles in AZO films decreased as the volume of water added
increased. These clearly demonstrate that water can control the
growth of ZnO nanoparticles in AZO films. It was also noted that
the more water ratio present in the solution could favor the high
crystallinity of the ZnO nanoparticles in AZO nano-composite films.
Fig. 1C shows the diffraction patterns of AZO nano-composite films

prepared for various heat treatment temperatures. The influence
of the heat treatment temperature on the crystallinity of film was
investigated. While ZnO:water at 5 and ZnO:Al at 2 ratios were
held fixed, crystallite size was increased by the increment of the

ealed at 500 ◦C, (B) ZnO:water ratios heat treated at 500 ◦C, (C) heat treatment
s with respect to the varying volume ratio of ZnO:Al and ZnO:water in compositions

ts of ln d versus 1000/T of AZO nano films (ZnO:water-5, ZnO:Al-2%).
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Fig. 2. (A) TEM, (B) SEM, (C) AFM images of AZO n

emperature. The increase in the heat treatment temperature
ncouraged the high crystallization, which led to the increase in
he crystallite size of the AZO nano-composite films. The average
rystallite sizes calculated from the XRD data of all films were sum-
arized in Fig. 1D. The activation energy of AZO nano-composite

lms was determined by the Arrhenius equation as E = −RT ln(d/a)
here T is the temperature (Kelvin), R is the universal gas constant,

 is the average crystallite size, and a is the intercept. The activation
nergy of AZO nano-composite films was calculated as 49 kJ/mol for
he nanoparticles’ growth using the slope of the lines of the plot in
ig. 1E.
The microstructure and morphology of AZO films were deter-
ined with TEM, SEM and AFM measurements. TEM images of
ZO nano-composite films synthesized as ZnO:Al ratio %2 at 500 ◦C
lms with different ZnO:water ratios: (a) 5, (b) 2.5.

were shown for various ZnO:water ratios in Fig. 2A. The sizes of
nanoparticles increased with the decreasing ZnO:water ratio.

SEM images of AZO films were presented in Fig. 2B. The surfaces
of the films were observed as a uniform and nano-sized structure.
The size of nano particles was decreased with the increase in the
ZnO:water volume ratios. These results were promoted by XRD and
TEM measurements. The surface roughness of AZO nano-composite
films was observed for different ZnO:water volume ratios using
AFM. AFM images of AZO films are showed in Fig. 2C. The rough-
ness of AZO films was determined to be Rms: 2.96; 3.31; 4.04;
6.54 nm for 5; 4; 2.5; 2, ZnO:water ratios. The roughness of the

films increased with a decrease in the ZnO:water ratio. The surface
roughness of AZO films was determined to be Rms: 3.06; 4.19; 5.37;
6.81 nm for 4; 3; 2; 1% ZnO:Al ratios.
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3.32 eV for 1 and 4% doped films. The band gap values of AZO nano-

F
T

ig. 3. Surface resistivity of AZO nano films for different ZnO:Al and ZnO:water
atios.

.2. Electrical analysis

The sheet resistance of the AZO nano-composite films was  mea-
ured by a four-point probe. When ZnO:water ratio was held fixed
t 5, the surface resistivity of AZO film was measured for differ-
nt ZnO:Al ratios as shown in Fig. 3. The electrical resistivity of the
lms decreased from 180 to 82 �/� as the ZnO:Al ratio decreased

rom 4 to 1%. Additionally, when ZnO:Al ratio is fixed as 2%, the sur-
ace resistivity of AZO film was determined for different ZnO:water
atios in Fig. 3. The electrical resistivity of the films decreased from

0 to 46 �/� as the ZnO:water ratio decreased to 2%.

However, the resistivity of the film ZnO:Al at 3% increased
reatly to 115 �/�.  ZnO:water and ZnO:Al ratios are very important

ig. 4. (A) UV–vis absorption spectra of AZO nano films for different ZnO:Al ratios. (B)
ransmittance spectra of AZO nano films for different ZnO:Al ratios. (D) Transmittance sp
 127 (2016) 5065–5069

parameters for the improvement of electrical conductivity mech-
anism of the AZO nano-composite films due to the generation of
more donor levels. When Al was doped with ZnO, Al and ZnO atoms
merge into the ZnO lattice, and then free charge carriers increase in
AZO films. This result contributes to the conductivity that decreases
the surface resistivity of AZO films. The results indicated that the
large increase in conductivity was determined with the increment
of ZnO:water ratio because of the adsorption of water. Al doping
with 2% concentration is found to be the optimal ratio in terms of
resistivity, and with above 3% Al doping concentration, the resis-
tivity of AZO nano-composite films starts to increase.

3.3. Optical analysis

Absorbance values of AZO nano-composite films were mea-
sured using UV–vis spectrophotometer for different ZnO:Al and
ZnO:water ratios in Fig. 4A and B. It clearly shows that the decreased
in the ZnO:Al ratio produces a blue shift in the absorbance spectra
of the films in Fig. 4A due to quantum size effect. The diffrence in
the absorption edge is related to Burstein–Moss effect because of
the increasing water in Fig. 4B [21,22]. Transmittance values of the
films were decreased with the increasing ZnO:Al ratios in Fig. 4C.
Additionally, transmittance of the films were decreased with the
decreased ZnO:water ratios as shown in Fig. 4D.

The optical transmittance increased from 91 to about 93% by
1% and then decreased for 2% Al. The transmittance also increased
up to 1% Al. With a further increase in the doped concentration,
Al atoms occupy interstitial sites and increase the absorption. The
optical band gap (Eg) of the AZO thin film was  determined by the
Tauc’s relation [23]:

˛h� ∝
(

h� − Eg

)1/2

where the absorption coefficient (˛), optical band-gap energy (Eg),
h is the Plank’s constant, � is the frequency of the incident pho-
ton; for a direct transition as illustrated in Fig. 5. The effect of the
ZnO:Al on AZO films increased the band gap values from 3.15 to
composite films decrease after lowering ZnO:water ratio from 5
to 2, and ZnO:Al ratio at 2% is found to be 3.24–3.28 eV, respec-
tively. The shift to a shorter wavelength in the absorption edge is

 UV–vis absorption spectra of AZO nano films for different ZnO:water ratios. (C)
ectra of AZO nano films for different ZnO:water ratios.
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ig. 5. (˛h�)2–h� graphs of AZO nano films for different (A) ZnO:Al ratios, (B)
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ssociated with the Burstein–Moss effect due to Fermi level which
nters into the conduction band. AZO films show absorption in
he longer wavelength region by decreasing ZnO:water. Thus, the
ecrease in the band gap of films can contribute toward the elec-
rical conductivity of the AZO films. Similar band gap energy
alculation of ZnO:Al samples was also done before for the other
ransparent ZnO nanostructured thin films are deposited on the
ubstrate, but using pulsed laser deposition (PLD) and spray pyrol-
sis techniques [24,25]. The band gap of films was  reported to found
n the range from 3.72 to 3.46 eV in these studies. Calculated band
ap energy values of our sol–gel derived AZO nano-composite films
re much lower in comparison to reported in other studies. This
ndicates that it is possible to alter transparency and conductivity
f the films with varying the composition of the films.

. Conclusions

In this study, we report on the preparation and structural char-
cterization of AZO films. The structural, electrical and optical
roperties of AZO films were determined by changing ZnO:water
nd ZnO:Al volume ratio. This work has shown that AZO thin films
re obtained as hexagonal wurzite structure at 500 ◦C heat treat-
ent temperature. The crystallite size values are calculated for

arious ZnO:Al and ZnO:water ratios. The surface resistivity, the
ctivation energy for the nanoparticles growth and the band gap

alues of AZO nano-composite films can be controlled by changing
nO:water and ZnO:Al ratios. The results indicate that a decrease
n the ZnO:water ratio leads to the increase in the crystallite size
f AZO films due to the agglomeration. The roughness of AZO films

[
[
[

 127 (2016) 5065–5069 5069

also increases with the increasing crystallite size. AZO films exhibit
absorption in the shorter wavelength region with the decreasing
crystallite size, which consequently increases the band gap val-
ues of the films. The decrease in the ZnO:water ratio results in the
increase in the crystallite size leading to the lower resistivity and
higher conductivity due to the carriers. The film surface resistivity
decreased from 180 to 82 �/�,  and the average transmittance in
the wavelength range of 330 and 1030 nm increased slightly from
87% to 93% for different ZnO:Al ratios. Additionally, when ZnO:Al
ratio is fixed as 2%, the surface resistivity decreased from 70 to
46 �/�, and the average transmittance in the wavelength range of
330 and 1030 nm increased slightly from 82% to 91% for different
ZnO:water ratios. Transmittance values of the films decrease with
the decreasing ZnO:water ratio. The optimum values for surface
resistivity and the optical transmittance of the films were deter-
mined to be 70 �/� of resistivity and 86% of transmittance in visible
region. As a result of this, AZO nano-composite films can be used
easily in the electronic applications.
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