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Abstract. Thin films of pure and aluminum-doped zinc oxide (AZO) were deposited on glass
substrates from ammonium zincate bath following a chemical dipping technique called successive
ion layer adsorption and reaction (SILAR). Characterization techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy-dispersive X-rays (EDX) were used to
investigate the effect of Al doping on the microstructure of AZO films. Particle size analysis using
X-ray line broadening shows marginally increasing trend with increasing Al impurity. The average
particle size for pure ZnO is 22.75 nm. It increases to 24.26 nm for 1% AZO film and 25.13 nm
for 2% AZO film. Incorporation of Al was confirmed from elemental analysis using EDX. SEM
micrograph shows that pure ZnO particles are spherical shaped. However, AZO films show parti-
cles with off-spherical shape with compact interconnected grains. The value of band gap for pure
ZnO is 3.229 eV and it increases to 3.29 eV for 1% AZO indicating a blue-shift for 1% AZO film.
However, for 2% AZO film, a decrease in band gap compared to pure ZnO is observed indicating
a red-shift of fundamental absorption edge. Electrical resistance shows an initial decrease with
increasing Al content. With further enhancement of Al incorporation, the resistance increases.

Keywords. Successive ion layer absorption and reaction; Al:ZnO thin films; microstructure; parti-
cle size; scanning electron microscopy; optical band gap.
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1. Introduction

Zinc oxide is one of the most prominent metal oxide semiconductors with a direct energy
wide band gap around 3.2–3.37eV at 300 K [1,2]. It is an n-type semiconductor of hexag-
onal (wurtzite) structure. It demonstrates many outstanding characteristics due to its good
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optical quality, abundance in nature, non-toxicity, thermal and chemical stability, excel-
lent piezoelectric and semiconducting properties [3]. Due to this versatility, ZnO has
drawn considerable attention and has been investigated in various forms such as single
crystals, sintered pellets, thick films, nanobelts and thin films [2,4–10]. Thin films of
ZnO find a multitude of immensely important applications in electronic and optoelec-
tronic devices such as transparent conductors, solar cell windows, gas sensors, surface
acoustic wave (SAW) devices, heat mirrors etc. [4–6]. It is also being considered as a
potential candidate in the new frontiers of research like spintronics [7].

The performance and efficiency of thin film-based devices are determined strongly by
the structural, electrical and optical properties of the component films. A study of these
properties and their dependence on the film characteristics is very important as it helps in
optimizing film parameters for better device applications. Further, the electrical and opti-
cal properties of thin films are determined by the process parameters during film growth
as well as by the presence of impurities and defects in the films. For transparent conduct-
ing oxide (TCO) thin films such as ZnO, it is always desirable to improve the electrical
conduction without affecting its excellent optical properties. As such, it is very impor-
tant to optimize the process parameters of film growth and doping levels for an enhanced
device performance. Al is chosen as dopant material because of its abundance. Doping
with Al is primarily done to achieve high transparency, stability, high conductivity and
also, because it enhances the gas-sensing properties of the ZnO thin films, which have
immensely important industrial and domestic applications for detecting hazardous gases,
including LPG [10,11]. AZO films have got potential applications in solar cells, solid-
state display devices, optical coatings, heaters, defrosters, chemical sensors etc. [12,13].
Accordingly, synthesis of polycrystalline aluminum-doped ZnO (AZO) thin films has
been widely carried out using different techniques such as ultrasonic chemical vapour
deposition [13], spray pyrolysis [2,14], pulsed laser deposition [15,16], RF magnetron
sputtering [3,17–19], helicon-wave excited plasma (HWP) deposition [20], electroless
deposition [21], sol–gel [22,23], pulsed laser ablation [24,25], chemical beam deposition
[26] and successive ion layer absorption and reaction (SILAR) [27,28] etc.

The conventional physical techniques give uniform and compact films with high trans-
parency. They are generally safe (no toxic gas emissions) and have deposition rate at
room temperature. However, they are usually very expensive and are difficult to expand
to large scale. Low-temperature chemical techniques involving aqueous route (from solu-
tions) on the other hand, are versatile, simple and cost-effective compared to vapour-phase
techniques. They are easy for upscaling to industrial applications. Among the various
chemical techniques, one of the less used and less studied chemical techniques is the suc-
cessive ionic layer adsorption and reaction (SILAR). The SILAR method, also known as
the modified version of chemical bath deposition, has a number of advantages apart from
it being inexpensive, simple and convenient for large-scale deposition. The basic building
blocks in SILAR are ions instead of atoms and therefore the preparative parameters are
easily controllable. In this technique a substrate is dipped alternately into beakers con-
taining aqueous solutions or distilled water for the reaction to take place at the substrate
surface. The substrate can be introduced into various reactants for a specific length of
time depending on the nature and kinetics of the reaction. The immersion-reaction cycle
can be repeated for any number of times, limited only by the inherent problems associ-
ated with the deposition technique and the substrate–thin film interface. The technique is
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called SILAR since it involves adsorption of a layer of complex ion on the substrate fol-
lowed by reaction of the adsorbed ion layer. Since the synthesis can be carried out under
mild conditions and at lower processing temperatures, implantation of metal ions at low
temperatures is particularly suitable by this method.

The present study deals with the preparation of aluminum-doped ZnO (AZO) thin films
on glass substrates by SILAR method. Earlier, Rakhshani [27] reported the preparation
of AZO films by SILAR using sodium zincate complex. We also reported preparation
of AZO films by SILAR from sodium zincate complex [28]. However, use of sodium
complex always introduces highly mobile sodium ions in the films [29], which can be
detrimental for their practical applications. In the present work, ammonium zincate com-
plex was used to eliminate the incorporation of highly mobile sodium ions in the films.
The objective of this research includes detailed microstrucural characterization of the
coated films. The films have been characterized by different techniques such as X-ray
diffraction (XRD), scanning electron microscopy (SEM), optical absorption and electri-
cal resistivity for further investigation, which is essential to make full use of their active
properties.

2. Experimental method

Pure zinc oxide films were deposited on glass substrates (microscope slides) by alterna-
tively dipping into 0.1 M ammonium zincate [(NH4)ZnO2] bath kept at room temperature
and hot water maintained near the boiling point. The glass substrate was cleaned, before
deposition, by chromic acid followed by distilled water rinse and ultrasonic cleaning with
acetone and alcohol. The cleaned substrate was tightly held in a holder so that only a
requisite area for film deposition was exposed. Thus, the area for film deposition could
be easily varied by adjusting the holder arrangement.

The ammonium zincate bath, used for deposition, was prepared by adding ammonium
hydroxide (∼25% pure ammonia solution; Merck, Mol. Wt. 17.03 g/mol, density 0.91)
to an aqueous solution of zinc acetate dihydrate [Zn(CH3COO)22H2O]. The pH of the
zincate solution was 10.80. pH measurement was carried out in a systronics pH meter
(Model 335). Aluminium doping was carried out by adding hexahydrate aluminium
chloride (AlCl3·6H2O, Merck) in ammonium zincate bath.

The details of pure ZnO film deposition process from ammonium or sodium zincate
bath has been reported earlier [28,30,31]. Briefly, a precleaned substrate (microscopic
glass slide) was alternatively dipped in zinc complex solution (sodium zincate or ammo-
nium zincate bath) kept at room temperature and hot water bath maintained at ∼95–98◦C.
One set of dipping involves dipping in zincate bath for 2 s and dipping in hot water bath
for 2 s. Fifty dippings were performed for this experiment. The aluminium concentration
was varied upto 2% in the bath solution. All the deposited films were white and homo-
geneous. After deposition, the peel-off test was conducted to confirm the adhesivity of
the coated films on glass substrates which showed that well adherent films were formed.
The thickness of the films was measured by the weight difference-density consideration
[30,32] method using an electronic high-precision balance. The thickness for pure ZnO
film was ∼0.8 μm. Growth rate of the films was found to increase due to Al incorporation.
The thickness of 1% Al-doped film was found to be ∼0.96 μm.
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Phase identification and crystalline properties of the films were studied by XRD method
employing a Philips PW 1830 X-ray diffractometer with CuKα radiation (λ = 1.5418).
The experimental peak positions were compared with the standard JCPDS files and the
Miller indices were indexed to the peaks. Scanning electron microscopy (Model S530,
Hitachi, Japan) was used to study the surface morphology and to illustrate the forma-
tion of crystallites on the film surface. UV–VIS spectrophotometric measurements were
performed using a spectrophotometer (Shimadzu, UV-1800) at room temperature. The
spectra were recorded using a similar glass as a reference and hence the absorption due
to the film only was obtained. The band gap of the films has been calculated from the
absorption edge of the spectrum.

3. Results and discussions

3.1 Structural characterization

The XRD spectra of pure ZnO film and ZnO films doped with different Al content are
presented in figure 1. The films were annealed at 350◦C for 2 h in air prior to structural
characterization. The diffraction pattern for pure ZnO is shown in figure 1a. Figures 1b,
1c, 1d, 1e and 1f show diffractograms for 0.5% AZO, 0.75% AZO, 1% AZO, 1.5% AZO

Figure 1. X-ray diffraction pattern of (a) ZnO, (b) 0.5% AZO, (c) 0.75% AZO,
(d) 1% AZO, (e) 1.5% AZO and (f) 2% AZO.

318 Pramana – J. Phys., Vol. 80, No. 2, February 2013



Aluminium-doped ZnO by SILAR and characterization

and 2% AZO respectively. The diffraction angle 2θ was scanned in the range 20◦–70◦.
The 2θ variation was employed with a 0.05◦ step and a time step of 1 s. Intensity in
arbitrary units is plotted against 2θ in figure 1. It is seen from figure 1a that peaks
appear at 31.75◦, 34.389◦, 36.205◦, 47.434◦, 56.576◦ and 62.855◦. The diffractogram
of the sample reveals that all the peaks are in good agreement with the joint commit-
tee on powder diffraction standard (JCPDS) data belonging to hexagonal ZnO structure
[33]. The corresponding reflecting planes are (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0)
and (1 0 3) respectively. Apart from ZnO characteristic peaks, no phase corresponding
to aluminum or other aluminum compounds was observed in the XRD patterns. This
observation suggests that the films do not have any phase segregation or secondary phase
formation as well as Al incorporation into ZnO lattice. The (0 0 2) peak appears with
maximum intensity in pure and Al-doped films, which indicates that the preferred orien-
tation of the crystals is the orientation with the c-axis perpendicular to the substrate. Thus,
all the samples have strong preferred c-axis orientation. For films with high Al content
(1.5% and 2% AZO films) the relative intensity of (1 0 0) and (1 0 1) peaks increases
indicating some loss of the preferred c-axis orientation for heavily doped films.

Utilizing the XRD data, the average particle size was estimated from the Williamson–
Hall (W–H) equation [34,35]

β cos θ = kλ

D
+ 4ε sin θ, (1)

where λ is the wavelength of radiation used (1.5418 for CuKα radiation used), k is the
Scherrer constant, β is the full-width at half-maximum (FWHM) intensity of the diffrac-
tion peak for which the particle size is to be calculated, θ is the diffraction angle of the
concerned diffraction peak, D is the crystallite dimension (or particle size) and ε is the
microstrain. In general, the experimentally observed broadening (βo) is the total contri-
bution from particle size, strain broadening (β) and instrumental broadening (βi). Thus,
the broadening due to the size and strain (β) can be obtained from the experimentally
observed broadening (βo) using the equation [36]

β = βo − βi. (2)

Diffraction data from standard silicon (Si) powder were used to measure the instru-
mental broadening [37,38]. The broadening (in FWHM) against 2θ obtained for standard
silicon sample was plotted in a graph and was used as reference. The instrumental broad-
ening at the observed peak positions for ZnO and Al-doped ZnO was evaluated from the
graph.

X-ray line broadening analysis to evaluate FWHM (β) was carried out using the
computer software (MARQ2) [39,40]. The software utilizes Marquardt least-squares pro-
cedure for minimizing the difference between the observed and simulated diffraction
patterns. The peak shape and the intensity of reflection is modelled with a pseudo-Voigt
(pV) analytical function, which is a combination of Gaussian and Lorentzian functions.
The background intensity is subtracted by fitting the background with a suitable linear
function. A typical plot of MARQ2 analysis for 0.5% AZO sample is shown in figure 2.
The dotted curve represents the experimental intensity data (Io) and the continuous curve
represents the calculated (simulated) intensity data (Ic). The difference plot (Ic − Io) is
shown at the bottom.

Pramana – J. Phys., Vol. 80, No. 2, February 2013 319



S Mondal, S R Bhattacharyya and P Mitra

Figure 2. Observed (dotted) and simulated (continuous) X-ray diffraction patterns of
0.5% AZO.

From the values of βo obtained using MARQ2 fitting and the corresponding values
of instrumental broadening βi, FWHMβ was calculated using eq. (2). Figure 3 shows
the plot of β cos θ vs. 4 sin θ (W–H plots). The slope of the plots represents average

Figure 3. Williamson–Hall plots of (a) pure ZnO, (b) 1% Al:ZnO and (c) 2% Al:ZnO.
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strain in the films whereas the inverse of intercept on β cos θ axis gives the crystallite
size (D) according to eq. (1). The particle size was evaluated using k = 0.9, which
corresponds to spherical crystallites and λ = 1.5418, the wavelength of CuKα radiation.
The average value of particle size for pure ZnO is 22.75 nm. It increases to 24.26 nm for
1% Al:ZnO and to 25.13 nm for 2% Al:ZnO. Thus, with increasing doping concentration
the particle size shows a slightly increasing trend. While a majority of the researchers have
reported a marginal decrease in grain size due to Al incorporation [2,42,43], Rakhshani
[27] has reported that Al-doping does not modify the size of the grains. In all these
works Scherrer equation was applied to evaluate the grain size which only takes account
of particle size broadening. In our present work we have utilized the W–H equation which
is more accurate since it takes account of instrumental broadening and strain broadening
also and accordingly gives much more reliable results compared to Scherrer equation.
Such an increase in particle size may be due to the enhanced thickness of Al-doped films
observed in our present work. It seems that the film tends to lower its surface energy as
it becomes thicker during deposition. During the process, the lower surface energy grains
may become larger as film thickness increases [44,45]. This is achieved by diffusion
within a thin surface layer of atoms from a particular crystallite to one having a lower
surface energy.

Figure 4 shows the SEM micrograph of pure and 1% AZO films. SEM image at normal
incidence shows the microstructure of ZnO consisting of many spherical shaped crys-
talline particles. The grains more or less cover the substrate surface uniformly. However,
AZO film shows particles with off-spherical shape. Thus, Al doping seems to have mod-
ified the shape of the grains. The microstructure is found to be uniform with compact
interconnected grains. Also the film appears to have less porosity than pure ZnO film
indicating that the film became denser with Al incorporation. Although no compositional
analysis was attempted in the present study, the incorporation of Al in the films was ver-
ified by the EDAX result. Figure 5 shows the energy-dispersive X-ray spectrum of 0.5%
Al:ZnO film. The spectrum reveals the presence of Zn, O and Al elements in the deposited
films. The silicon signal appears from the substrate. Trace amounts of C and S impurities
were also detected in the film.

(a) (b)

Figure 4. SEM image of (a) pure ZnO and (b) 1% Al:ZnO thin film.
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Figure 5. EDX pattern of 0.5% Al:ZnO.

3.2 Optical absorption

The optical absorbance spectrum measured within the wavelength range of 500–800 nm
using a Shimadzu Spectrophotometer-1800 is shown in figure 6. The presence of a single

Figure 6. Plot of (αhν)2 vs. photon energy (in eV) of (a) pure ZnO, (b) 1% Al:ZnO
and (c) 2% Al:ZnO.
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slope in the plot suggests that the films have direct and allowed transition. It is also well
known that ZnO is a direct band-gap material [41] and the energy gap (Eg) can thus
be estimated by assuming direct transition between conduction band and valance bands.
Theory of optical absorption gives the relationship between the absorption coefficients α

and the photon energy hν for direct allowed transition as

(αhν)2 = A(hν − Eg),

where A is a function of the index of refraction and hole/electron effective masses. The
direct band gap is determined using this equation when linear portion of the (αhν)2

against hν plot is extrapolated to intersect the energy axis at α = 0. Plot of (αhν)2

against hν for undoped and Al-doped ZnO films are shown in figure 6. Figure 6a shows
the spectrum of pure ZnO while figures 6b and 6c shows the spectrum of 1% Al:ZnO and
2% Al:ZnO respectively.

The optical band gap shows an increase for 1% AZO compared to pure ZnO. For pure
ZnO, the band gap is 3.228 eV and for 1% AZO, it increases to 3.29 eV. Such widen-
ing of optical band gap with aluminum doping is well described by Burstein–Moss effect
[46–49]. For AZO films, compared to pure ZnO films, the contribution from Al3+ ions
on substitutional sites of Zn2+ ions and Al interstitial atoms determines the widening
of the band gap caused by increase in carrier concentration. This is the well-known
Burstein–Moss effect and is due to the Fermi level moving into the conduction band.
Since Al-doping increases the carrier concentration in the conduction band, the optical
band-gap energy increases. Enhancement of band gap thus also ensures that aluminum
was successfully doped in the ZnO thin films.

It is further observed in our present work that a decrease in band gap occurs for 2%
AZO film. Such unusual red-shift of fundamental absorption edge has been reported by
Mohanty et al [50] and has been explained in terms of stress relaxation mechanism. The
reduction in slope of the linear portion of the plot (figure 6c) observed in our present
work suggests introduction of defect states within the band gap. Thus we interpret this
shift due to merging of an impurity band into the conduction band, thereby shrinking the
band gap. Formation of such impurity band giving rise to new donor electronic states
just below the conduction band is possible and this arises due to hybridization between
states of the ZnO matrix and of the Al dopant [51]. It seems that such formation of donor
levels compensates the Burstein–Moss effect and results in the narrowing of the effective
band gap of AZO. The reduction of stress due to enhanced thickness [50] of AZO films
compared to pure ZnO may also have some contribution to the observed red-shift.

3.3 Electrical resistance

The electrical resistance measurement of pure and Al-doped ZnO films were carried out
in the surface mode using the conventional two-point probe technique. The resistance
measurement was made in a Keithley 6514 system electrometer. The film was kept in
the dark inside a tube furnace. Ohmic contacts using the conducting paste silver (curing
temperature = 200◦C) was made onto the surface of the film. Approximately 20 mm long
silver (Ag) contacts, separated by 5 mm, were made on the films (30 mm × 25 mm) for
electrical measurements. The width of the electrodes ∼1 mm. The electrical resistance
was measured at 100◦C. The films were heat treated at 200◦C for 2 h prior to resistance
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Figure 7. Variation of electrical resistance at 100◦C with Al concentration.

measurements. It is seen from figure 7 that the resistance first decreases with increas-
ing Al concentration and the lowest resistance is obtained at a doping concentration of
1 at %. With further increase in Al concentration the resistance value started to increase.
The initial decrease of resistance with increase in Al concentration can be attributed to
the increase in carrier concentration and also to the increase in mobility [16]. Beyond a
certain doping concentration, a decrease in mobility but a small change in carrier con-
centration has been reported [21]. Our present observation suggests that beyond a certain
doping concentration, the doping atoms do not occupy the lattice sites but instead result
in some kind of defects. Such limited incorporation of Al into ZnO lattice is consistent
with the results reported by researchers [16,52]. The defects produced beyond this opti-
mum level of doping gives rise to states within the band gap reducing the effective band
gap, which is observed in the present work. However, their contribution to the enhanced
carrier density is neutralized by drastic decrease in mobility, thereby effectively reduc-
ing the resistance. Shrestha et al [42] reported this drastic reduction of mobility due to
segregation of dopants at grain boundaries. It seems that the micro-mechanism of the
influence of dopants is quite complicated. Thus, we can conclude that beyond certain
doping concentration there is a segregation of dopant atoms at the noncrystalline regions
which produces disorder in the lattice. These defects act as scattering centres giving rise
to various scattering mechanisms resulting in a sharp decrease in mobility.

4. Conclusions

Undoped and Al-doped ZnO thin film could be successfully synthesized by the simple
chemical technique SILAR. The films had good adherence to the substrate. Apart from
being an inexpensive and simple technique, the method uses milder reaction conditions
than those employed by most chemical methods proposed in the literature. XRD spectra
show that the films are of hexagonal structure. Particle size evaluated using X-ray line
broadening analysis and Williamson–Hall method shows a slightly increasing trend with

324 Pramana – J. Phys., Vol. 80, No. 2, February 2013



Aluminium-doped ZnO by SILAR and characterization

increasing Al incorporation. The average particle size for pure ZnO is 22.75 nm. It
increases to 24.26 nm for 1% AZO film and 25.13 nm for 2% AZO film. Incorporation of
Al was confirmed from elemental analysis using EDX. SEM micrograph shows spherical
shaped particles for pure ZnO. Al doping seems to influence both the size and the shape
of the grains. AZO films also appear to have a denser surface compared to pure ZnO. The
band gap of the film increases upto a certain level of doping due to the increase of carrier
density. Beyond this limit, there is a narrowing of band gap possibly indicating merging
of an impurity band into the conduction band. The electrical resistance also decreases
initially due to replacement of Zn ion by Al ions. Beyond a certain level of doping, the
electrical resistance increases due to drastic fall in mobility arising out of segregation of
dopants at grain boundaries.
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