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Al-doped polycrystalline nano ZnO (Al-ZnO) thin films with different doping
concentrations were successfully prepared by the microwave-assisted succes-
sive ionic layer adsorption and reaction (mSILAR) technique. The structural
analysis along with the orientation of the prepared films was examined by
powder x-ray diffraction (PXRD) patterns. The deposited film is polycrys-
talline and the (002) orientation enhanced upon doping. Additional investi-
gations were carried out to study the effect of electron beam irradiation
(e�-irradiation) on the band gap and photoconductivity of both irradiated and
unirradiated samples. Both the Al doping and e�-irradiation led to the
enhancement of the photoconductivity of prepared materials. This property
enables us to tune the properties of materials for various applications by
controlling dopant concentrations and e�-irradiation. The dependence of
photocurrent on e�-irradiation of Al-ZnO thin films was not reported previ-
ously. Therefore, Al-doped polycrystalline nano-ZnO thin film is a promising
material for band gap engineering and for the development of solar cells.
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INTRODUCTION

Zinc oxide (ZnO) is a technologically important
material for photo-voltaic devices and an n-type
buffer material in the solar cell because of its large
band gap of 3.3 eV.1 It has been investigated over
the last four decades because of its interesting
optical, piezoelectric, and electrical properties. How-
ever, ZnO stability at high temperature and in a
high radiation environment still needs to be well
explored.1,2 The e�-irradiation on solid materials is
known to produce changes in the microstructural
properties of the material, which in turn affects the
optical, electrical, and other physical properties
of the same material.3,4 It is reported that

e�-irradiation can also alter different surface prop-
erties of ZnO thin films such as variation in diameter
of nanowires and formation of bigger grains.3,4

Numerous efforts have been made to investigate
the influence of e�-irradiation on various metal
oxides and polymer thin film structures, in order to
test their applicability as e-radiation dosimeters.5

Yun et al. suggested e�-irradiation as a tool to
produce different structures on the surface of thin
films, and hence modulated different properties of
thin films.6 Nevertheless, a detailed study of pho-
tocurrent produced upon the e�-irradiation on metal
oxide thin films needs to be more investigated.

The present investigation aims at synthesizing
Al-doped polycrystalline nano-ZnO (Al-ZnO) thin
films with different doping concentrations by micro-
wave-assisted successive ionic layer adsorption
reaction (mSILAR). The deposited metal oxide film(Received December 30, 2015; accepted May 13, 2016)
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has (002) orientation, which is a prerequisite for
developing many optical devices. The effect of
electron beam irradiation on Al-doped polycrys-
talline nano-ZnO thin films was investigated and
photocurrent was found to be enhanced for irradi-
ated samples. The dependence of photocurrent on
e�-irradiation of Al-doped polycrystalline nano-ZnO
thin films was not investigated previously to the
best of our knowledge.

EXPERIMENTAL DETAILS

Reagents

Zinc sulfate heptahydrate (ZnSO4Æ7H2O), sodium
hydroxide (NaOH) pellets, and anhydrous alu-
minium chloride [AlCl3] were purchased from Mer-
ck. The chemicals employed in this experiment were
of AR grade and used as such without further
purification. The aqueous solutions were prepared
using ultra-pure water (<18.2 MX cm) from Milli-
Q-Plus (Millipore).

Preparation of Al-doped ZnO Thin Film

The ZnO thin films were prepared by mSILAR, by
which the ZnO thin film was first coated on a glass
substrate by alternately dipping it in a sodium
zincate bath at room temperature and in hot water
at 90–95 �C using a prompt microcontrolled dip-
coating unit. Rostov et al.7 previously used this
method for preparing Cu2O thin films, but we have
improved the properties of the film by sonication
and microwave irradiation (IFB Sc3 Microwave
Oven). Aluminium doping was done by adding
anhydrous aluminium chloride [AlCl3] to the
sodium zincate bath. The doping concentrations of
all the compounds were maintained at 3 and 5 wt%.
The well-cleaned substrates were immersed in the

chemical bath for 10 s followed by immersion in hot
water for an equal duration, and the process was
repeated. These samples were annealed at 450 �C in
air using a heat annealing chamber.

Characterization Methods

Powder x-ray diffraction (PXRD) experiments
were performed using a Bruker AXS-8 with CuKa
radiation, transmission electron microscope (TEM)
images were taken using a JEM 3010 operated at
200 kV, and the optical absorbance was measured
by means of an ultraviolet–visible (UV–Vis) spec-
trophotometer (UV-Pharmaspec 17000, Shimadzu).
The photoconductivity of the gold electrode coated
samples was studied at photon wavelength of
365 nm and power density 1.4 mW/cm2 using Keith-
ley 6485 pm. Depth of the electron irradiation was
about �50 nm and thicknesses of thin film used
�0.9 lm.

An electron beam of 8 MeV energy obtained from
the Microtron, Department of Studies in Physics,
Mangalore University, Mangalagangotri was used
for irradiation of ZnO particles. The conditions for
electron beam irradiation were 8 MeV beam energy,
25–30 mA beam current, 5 9 5 mm, pulse repeti-
tion beam size, 50 Hz rate, 2.5 ls pulse width, and
8 kGy/min dose rate (Fricke dosimetry). For the
entire experiment, the samples were kept at a
distance of 30 cm from the target.

RESULTS AND DISCUSSION

Structural Characterization Using XRD

Figure 1 shows the PXRD pattern of Al-ZnO thin
films at 3.0% and 5.0% doping concentration. The
diffraction peaks observed in the 2h range, 30�–36�
originated from a Wurtzite lattice.8 The increase in

Fig. 1. PXRD pattern of Al-doped ZnO thin films at (a) 3.0 and (b) 5.0% doping concentration.
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the intensity of (002) reflection indicates the pref-
erential growth of Al-doped polycrystalline nano-
ZnO in (002) and (101) orientation and the enhance-
ment of crystal quality, which is a prerequisite for
the fabrication of optoelectronic devices. The
absence of characteristic peaks for Zn and Al metals
shows the formation of Al-doped polycrystalline
nano-ZnO. The Al doped ZnO thin films have (002)
reflection as the preferred orientation along with
the other reflections i.e. (100), (101), (102), (103),
and (110). It is also evident from Fig. 1a, b that the
addition of dopant Al slightly shifts the position of
(002) peaks to higher diffraction angles. Park et al.
explained that the shift in a peak at (002) reflection
is attributed to the substitution of Zn2+ ions of
larger radii by dopant Al3+ ions of smaller radii
(0.053)9 and also residual stress in the ZnO film.
The average grain size (D) of the ZnO crystals in the
films was calculated by using Scherrer’s formula.
The grain size of the Al-doped sample was found to
be in the range 29.9–31.3 nm. The larger the D
value, the better the crystallization of the films. The
(002) peak intensity enhanced with doping percent-
age representing preferred crystals orientation
along c-axis, i.e. perpendicular to the substrate.
The peak intensity was mainly influenced by crystal
imperfections, grain size, and stress.

Morphology Analysis

Figure 2 shows the TEM image, particle size
distribution histogram, and the corresponding
Gaussian curve fitting for the Al-doped ZnO
nanocrystalline thin film. From Fig. 2a, the spher-
ical shape of nanoparticles with little agglomeration
is confirmed. The particle size distribution is given
in Fig. 2b is fitted corresponding to the Gaussian
curve, and an average grain size of 50 nm is
observed. This average particle size for Al-doped
ZnO film is consistent with the crystallite size of
29.9–31.3 nm obtained from the Scherrer’s equa-
tion. In addition, the TEM image also shows the
presence of randomly distributed nanocrystallites in

the Al-ZnO film. The preferentially oriented
nanocrystalline grains on c-axis along with the
polycrystalline nature of the film corresponding to
wurtzite structure (from PXRD) is also evidenced by
the TEM images.

Optical Studies

Figure 3 shows the optical absorbance spectra of
both electron unirradiated and irradiated Al-doped
ZnO thin films. Figure 3 (inset) depicts the plot of
(ahm)2 versus energy (hm). The band gaps of the
samples were estimated by extrapolation of the
linear relationship between (ahm)2 and hm, according
to the relation hm = A(hm � Eg)

1/2, where a is the
absorption coefficient, hm is the photon energy, Eg is
the optical band gap, and A is constant. The values
of direct band gap (Eg) were calculated from the
intercept of (ahm)2 versus hm curve. This gave a
direct band gap of 3.29 eV for 5% Al-doped and

Fig. 2. (a) TEM image and (b) particle size distribution of Al-doped ZnO thin films.

Fig. 3. Optical absorbance spectra of both electron unirradiated and
irradiated Al-doped ZnO thin films. Inset depicts the plot of (ahm)2

versus energy (hm).
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3.23 eV for 3% Al-doped samples. The irradiation of
samples at 2 and 4 kGy did not alter the values of
band gap. However, the irradiation of samples at
8 kGy decreased the band gap of samples to 3.11–
3.08 eV, as shown in Table I. Raghu et al. reported
that this variation in optical band gap is because of
the increase in irradiation energy.10 Ratheesh
Kumar et al. reported the reduction in optical
transmittance due to irradiation can arise from
the increase in metal to oxygen ratio (Zn/O) in
irradiated films, causing the increase in carrier
density.11 Thus, we can tune the band gap to a
required level by exploiting the e�-irradiation.
Hence, synthesized samples can be used for band
gap engineering.

Comparison of Band Gap with Reported Work

The band gap of prepared Al-doped polycrys-
talline nano-ZnO was compared with band gaps of
other materials as reported in Table II. The supe-
riority of prepared material is evident from Table II.
The band gap of electron irradiated Al-doped poly-
crystalline nano-ZnO prepared by mSILAR method
was reduced considerably. Herein, the first, fourth,
and fifth cases of ZnO thin films were synthesized
by the sol–gel method, second and third cases by
direct current (DC) sputtering and radiofrequency
magnetron sputtering, respectively. The mSILAR
method employed in the present case is simple,
economical, suitable for large area deposition, and
also produces nanocrystalline thin films compared
to other techniques. Electron irradiation is a con-
tinuous process and is less stressful to materials

compared to gamma irradiation. Furthermore, it is
reported that defects or damages induced by ion
beam irradiation can be recovered by electron beam
irradiation with low electron current density.12–15

There is no variation in the band gap values
observed for UV radiation. Thus, it is evident from
Table II that the electron irradiated Al-doped poly-
crystalline nano-ZnO prepared by the mSILAR
method has the minimum band gap among all other
materials. Therefore, electron irradiated Al-doped
polycrystalline nano-ZnO can be employed for effi-
cient usage of devices on terrestrial or space mis-
sions and band gap engineering.6

Photoconductivity Studies

The photocurrent and dark current of Al-doped
polycrystalline nano-ZnO samples are shown in
Fig. 4. It is clear from Fig. 4 that both the dark
and photocurrent of the samples increase linearly
with the applied field. For the same applied field,
the photocurrent shows greater value compared to
dark current which reveals the positive photocon-
ducting behavior of the samples.16,17 Photocurrent
and dark current enhanced proportionally when the
dopant percentage is increased from 3% to 5%.
Laura et al.18 reported that the photoresponse is
attributed to the absorption and desorption of
oxygen at the surface, wherein dark oxygen is
absorbed by taking a free electron from the surface,
and under illumination, the photogenerated holes
discharge the negatively charged oxygen ions,
resulting in desorption of oxygen from the surface.18

In the present case, the photocurrent is high for 5%

Table I. Band gap of irradiated and unirradiated sample at 8 kGy

Sample details Band gap (Eg) of unirradiated (eV) Band gap (Eg) irradiated (eV)

3% Al doped 3.23 3.08
5% Al doped 3.29 3.11

Table II. Comparison of observed results with different reported work

Sample details Method of synthesis Eg (eV) References

Al-ZnO (unirradiated) Sol–gel 3.28 13
Al-ZnO (irradiation using c-rays) 3.25
Al-ZnO (unirradiated) DC sputtering 3.45 14
Al-ZnO (irradiation using c-rays) 3.35
Al-ZnO (unirradiated) Radio frequency magnetron sputtering 3.35 15
Al-ZnO (ion irradiated) 3.25
ZnO-B (unirradiated) Sol–gel 3.27 16
ZnO-B (ion irradiated) 3.37
ZnO (unirradiated) Sol–gel 3.37 17
ZnO (UV-irradiation) 3.37
Al-ZnO (unirradiated) mSILAR 3.23 Present work
Al-ZnO (e� irradiated) 3.18
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doped film compared to 3% doped. The mechanism
behind the enhancement in photoconductivity is
shown in Fig. 5. This may be due to large carrier
concentration, band gap reduction, and large grain
size. Dhara and Giri have reported that a large
surface area produces strong surface adsorption,

which leads to the enhancement of photocurrent.19

Thus, our findings have a correlation with the
reported work.19

Comparison of Data with Reported Work

It is evident from Table III that the photocurrent,
generated by Al-doped polycrystalline nano-ZnO
films prepared by mSILAR method, is much greater
than ZnO thin films prepared by various other
methods. Herein, ZnO thin films are prepared by
thermal decomposition,20 sol–gel method,3,21 and
radiofrequency magnetron sputtering.19 Compared
to these methods, mSILAR is relatively simple, cost-
effective, and easy to execute in the laboratory.
Moreover, Al-doped polycrystalline nano-ZnO gen-
erated maximum photocurrent among all these
samples. Hence, Al-doped polycrystalline nano-
ZnO could be exploited to fabricate solar cells for
large-scale terrestrial applications.

Photoconductivity Studies of Irradiated
Samples

The Al-doped (3% and 5%) polycrystalline nano-
ZnO samples were irradiated using the electron
beam with the dosage of 2, 4, and 8 kGy and
photoconductivity studies were again performed.
The dependence of photocurrent on the electron

Fig. 5. Mechanism behind enhancement of photocurrent.

Table III. Comparison of photocurrent generated by Al doped polycrystalline nano ZnO with other ZnO
based materials

Sample details Method of synthesis Photocurrent range (lA) References

ZnO thin films Thermal decomposition 0–0.14 20
ZnO thin films Sol–gel method 0–0.4 21
ZnO thin films Radiofrequency magnetron sputtering 0–12 19
Al-doped polycrystalline nano ZnO mSILAR 19–40 Present work

Fig. 6. Photocurrent and dark current of Al-doped ZnO thin films
under different experimental conditions.

Fig. 4. Photocurrent and dark current of Al-doped ZnO thin films.
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beam irradiation of the Al-doped polycrystalline
nano-ZnO samples was not reported elsewhere. The
samples irradiated with a dosage of 2 and 5 kGy did
not show any noticeable variation, but the sample
irradiated with a dosage of 8 kGy, showed an
enhancement for both photocurrent and dark cur-
rent (Fig. 6). The corresponding variation is repre-
sented in Table IV. Yun et al. have reported that as
the dose of irradiation increases, the increase in the
mobility (l), as well as the decrease in the carrier
concentration (n) takes place, resulting in an
increase in resistivity (q) on the basis of the relation
q = 1/(nql), where q is the charge of the electron.22

The photocurrent response due to photoexcitation of
the electron happens from the valence band into the
conduction band. Since the photon energy from UV
light is higher than optical band gap energy of the
thin films, the electrons from conduction band
attained enough energy to cross from the valence
band into the conduction band. The photocarriers
are excited through the metal–semiconductor junc-
tion giving rise to a variation in the conductivity. Al-
doped ZnO thin films have excess carrier concen-
tration than ZnO and it will increase with Al
concentration up to certain levels. The ionization
of donor at higher concentrated thin film has much
effect in improving the n-type conductivity of the
thin films.23 Thus, we can tune the photocurrent
and dark current to a desired level by electron beam
irradiation depending on the applications.

CONCLUSIONS

Al-doped polycrystalline nano-ZnO thin films
were prepared by the relatively simple mSILAR
method. It was observed that doping of different
percentages (3% and 5%) of Al led to the enhance-
ment of photocurrent. Another exciting feature of
Al-doped polycrystalline nano-ZnO thin films is
their dependence on electron beam irradiation and
photoconductivity. Electron beam irradiated Al-
doped polycrystalline nano-ZnO thin films exhibit
an enhancement in conductivity, which was not
reported previously. Therefore, electron beam irra-
diation was successfully exploited to tune the
optical, as well as band gap properties of Al-doped
polycrystalline nano-ZnO thin films. Al-doped

polycrystalline nano-ZnO thin films were used
either in unirradiated or irradiated form, depending
on various applications.
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