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Abstract: Aluminum doped Zinc oxide (AZO) thin films with different Al content were
deposited by spray pyrolysis and its structural, electrical and optical properties were studied.
XRD pattern illustrate the films grow in the Wurtzite phase. Calculated texture coefficient
[TC]hkl values showed the preferential growth along (100) plane. The FTIR spectrum for the
AZO sample revealed the vibrational property through Zn-O stretching mode at 458cm-1
.The absorption edges are found to be blue shifted and the energy band gap values were
estimated by Tauc relation increases from 3.21eV to 3.30eV. The widening of band gap is due
to Burstein-Moss effect. The Optical parameters such as index of refraction (n) and extinction
coefficient k (?) are observed to be consistent in the visible area, and tend to diminish with
the addition of Al content. Doping also improves the conductivity by two orders of magnitude.
A minimum resistivity of 0.45? cm and a transmittance of 72% at 550nm was found for AZO
film with doping ratio of 5%. The obtained results show that AZO film with 5% doping is
appropriate as a transparent electrode in solar cell.
Keywords: Texture Coefficient; Refractive Index; Band gap; Electrical conductivity.

Introduction
Zinc oxide based transparent conducting oxide (TCO) films are being studied extensively
because of its numerous technical applications. They have good optoelectronic properties
which are much needed for the use as transparent electrodes in flat panel displays such as
plasma display panels and electronic paper displays. Thin films of Zinc oxide are suitable
candidates as antireflection coating in solar cells [1], heat mirrors and multi layer photo thermal
conversion systems [2], gas sensors and spintronics [3], transparent thin film transistors, photo
detectors, light emitting diodes and laser diodes that operate in the UV and blue region of the
spectrum [4], catalyzers [5] etc. In addition ZnO thin film posse’s high electro-chemical stability
and absence of toxicity. ZnO is a n-type semiconductor with large band gap 3.37 eV and
binding energy of 60 mev, high transparency and low resistivity in the visible region and
posses high light trapping properties [6-8].Compared to indium tin oxide(ITO) , ZnO is
abundance in nature and its non-toxicity, allows it to be a attractive TCO material.
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2.1. Material synthesis
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2.2. Experimental setup
The spray unit used was a indigenous set up comprising a burette, a glass nozzle and a
temperature controller made from University Scientific Instrumentation Centre (USIC)
meant for spraying good film. A PID temperature controller was used to heat the glass
substrate upto 400 5ÚC. Compressed air was used as a carrier gas and the solution
flow rate was kept at 4ml/ min. After coating, the films were allowed to cool to room
temperature. The films were annealed at 500ÚC after deposition.
2.3. Characterization technique
The structural analysis was made by pan analytical XPERT-PRO X-ray diffractometer
system with a scan angle from 20Ú to 80 Ú and the anode material as copper. The
surface morphology was seen by TESCAN VEGA3 Scanning Electron microscope. The
optical studies were carried out by UV-Vis spectrophotometer (Shimadzu, model UV1800, Japan) in the wavelength range 190-1100nm. FTIR Spectra are recorded by Perkin
Elmer BX II spectrometer between the wave number region 4000cm -1 to 400cm-1. The
Keithley source meter model 4600 was used to record the I-V characteristics of the
samples. Hall measurement and sheet resistance of the AZO films are measured by van
der Pauw method.
3. Results and discussion
3.1. Structural analysis
3.1.1 XRD pattern

Figure 1: XRD pattern of undoped and Al doped ZnO thin films.

226

Journal of Multifunctional Materials & Photoscience

The XRD Spectra of pure ZnO an AZO films, for different doping percentages are
shown in Figure1. The observed XRD pattern depicts the polycrystalline nature with
hexagonal Wurtzite structure. The diffraction peaks (Miller indices) are found to match
with the JCPDS card no: 36-1451.The prominent peaks are along (100), (002) ,(101) and
(110) planes corresponding to the 2è values 31.81Ú, 34.41Ú, 36.36Ú and
56.53Úrespectively. There are small peaks noted along (102), (110), (112) diffraction
planes for both pure ZnO and doped ZnO (AZO). As the Al doping concentration
increases the intensity of the prominent as well as weaker diffraction peaks decrease
indicating the degradation of crystalline nature of the films after doping . But there is no
change in the preferred growth plane and the same trend is observed by F.Paraguay
et.al in their research [23-25].
When the Al concentration is raised, the intensity of the (100) plane, which is dominant
in the undoped and AZO 2.5 film continues to decrease, and the (002) peak start to
appear for the doped AZO (5) and AZO (7.5) thin films. This implies that as the Al
concentration increases, the growth of the films tends to align parallel to the c-axis.
However, for all the as deposited and doped films the (100) plane is the prominent
growth plane. For AZO(10) film the intensity of all the peaks become smaller and the
films is amorphous ,indicating that increase in aluminum concentration leads to random
orientation. K.L Chopra et.al in their study discussed that the ZnO crystals with lower
surface energy prefer to grow along (002) diffraction plane [27]. Hence (100) orientation
may be attributed to a little higher surface energy of the films grown perpendicular to
the glass substrate. The preferential growth of the films can also be theoretically estimated
from texture coefficient values, calculated from the XRD data. The texture co-efficient
[TC] hkl symbolizes the texture of a diffraction plane and whenever this value deviates
from unity that indicates the preferred growth. The texture co-efficient [TC] hkl is expressed
by [4].

(1)

Where I(hkl) represents the measured value of intensity for a (hkl) plane and I 0(hkl) is
the standard intensity of the peak taken from JCPDS card data.The lattice parameters a
(the second nearest neighbor distance) and c (the length of bond parallel to c-axis) are
calculated from the d-spacing and the miller indices h, k and l through the expression
[28] as,
(2)
The grain size is calculated through the Debye-Scherrer formula [29].
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(3)
Where â is the width measured at half maximum intensity (FWHM) of the diffraction
peak. ë is the wavelength of the Cu Ká ,X-ray radiation and its value is 1.5406 and è is
the Bragg’s angle. The estimated lattice constants and the grain size are listed in Table 1.
Table 1: Variation of grain size and lattice constants with Al dopant concentration.
Al Concentration(at .wt %)

Grain size(nm)

0%
2.5%
5%
7.5%
10%

28.88
21.87
55.61
16.12
27.94

[TC]hkl(100)
1.38
2.14
1.92
1.39
1.64

Lattice constants
a

c

3.19
3.20
3.24
3.21
3.16

5.21
5.19
5.18
5.18
5.23

The crystalline particle size decreases for Al doped films compared to the undoped
ZnO, except AZO (5). This is attributed to the disorder developed in the lattice for
0.074nm)
higher Al concentration, owing to the difference in the ionic radii of Zn 2+ (
=
and Al3+ (

=0.057nm) [5] .

3.1.2 FTIR studies

Figure 2: The Fourier Transform Infra Red transmission spectra of AZO thin films deposited at different Al
concentrations

FTIR spectroscopy supplies the information about the occurence of elements in the
sample. Figure 2 shows the FTIR spectrum of AZO thin films recorded from 4000 to 400
cm-1 . The Fourier transform Infrared spectra recorded for AZO sample revealed the
vibrational property through Zn-O stretching mode at 458cm -1 which is characteristic
vibration of ZnO. Inclusion of Al in the ZnO lattice is confirmed by the emergence of
common band exists in all cases such as 568 cm-1, 528 cm-1 and 498cm-1 which are
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identified to be the characteristic bond of Al2O3 [11]. There is a shift observed in the IR
transmittance spectrum of A ZO, which may be ascribed to the crystal perturbation
introduced by the dopant atoms into the lattice sites.
3.1.3. Morphological studies
The surface morphological studies were carried out by scanning electron microscope
(SEM) which shows the existence of nanostructure for the doped and as deposited thin
films. (Figure 3)

Figure 3: SEM images of ZnO thin films at different Al concentration.

The spray deposited undoped thin film exhibits spindle like nano structure, which
are dense and closely packed spreading through the entire substrate surface. The doping
causes significant changes in the morphology of films with different Al concentration.
The AZO (2.5) film depicts the random growth of tiny nano rods on the substrate. On
further increasing the Al concentration to 5% AZO(5), more prononuced nanorodscould
be seen. T.Dedova et.al in their study discussed about a novel deposition method to
grow ZnO nano rods by spray pyrolysis onto a ITO substrate prepared from aqueous
Zinc chloride solution from the seed layer [30]. These nano rods are formed in our
indigenous experimental set up, without any surfactants and seed layer For higher Al
concentration the films are smooth with very small spots which can be distinguished as
polycrystals.
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3.2. Optical Investigations
3.2.1. UV Absorption

Figure 4: Optical band gap along with absorption spectra (inset) for as deposited and Al doped ZnO thin
films.

The band gap (Eg) which is an important optical parameter, calculated from the
absorption coefficient á which is calculated from the absorbance data. The variations of
the squared absorption coefficient á, with photon energy (hí) , obey the Tauc’s relation
[1]
(4)
for direct allowed transition. This variation of (áhí) 2 with energy of photon (hí) was
plotted and it is shown in Figure 4. The extrapolation of the linear portion of the curves
to á = 0, renders the optical band gap energies. Table 3 lists the optical band gap energies
(Eg) were found to vary between 3.21eV to 3.30eV. The value of band gap is 3.21eV for
pure ZnO and it decreases to 3.15eV for Al doped ZnO (2.5). C. Rameshkumar et.al,
found a shrinkage in optical band gap when Al at wt % is 2 [5]. The band gap value
increases beyond 5 at% of AZO.
The absorption spectra (inset) shown in Figure 4 are blue shifted from 381nm to
378nm.. Yalnli Lu et.al reviewed that the blue shift in heavily doped semiconductors
observed because lower energy states in the conduction band are blocked [9]. The band
gap of AZO (2.5) decreases initially with the increase of doping after that band gap
becomes wider. The shift in optical band gap happens due to two contending effects:
band filling effect called Burstein-Moss (B-M) shift and band gap narrowing (BGN)
effect. Largely BGN effect is counteracted by B-M effect because of which it is difficult to
separate the two effects. So it may be attributed that due to BGN effect the band gap
narrows down for AZO(2.5) sample and thereafter B-M effect dominates, causing
widening of band gap for AZO(5),AZO(7.5) and AZO(10). According to Burstein-Moss
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effect the band gap would increase with growing carrier concentration (ÄEgBM (3ð2ne)
2/3
where ne is the carrier concentration). Doping of ZnO with Al will expand the carrier
concentration as a result, the bottom most state in the conduction band is blocked. The
widening of band gap is due to the increase of Fermi level in the conduction band of the
degenerate semiconductors [7].
3.2.2. Refractive index and Extinction coefficient

Figure 5: The variation of Extinction coefficient and Refractive index with Al dopant concentration

As far as design and fabrication of optoelectronic devices are concerned, the
knowledge of optical constants of materials is especially required. Index of refraction
n( ):,Extinction co-efficient k( ) , absorption co-efficient (á) are determined from the a
UV-Vis absorption and transmittance spectrum. The following equations are used to
calculate n( ) and k( ):
(5)

(6)
Where R is the reflectance, á, ë are the absorption co-efficient and wavelength. The
effect of Al doping on the refractive index and extinction co-efficient are depicted in
Figure 5 (a) and Figure 5(b).According to Daniel et.al the high value of n ( in our case
2.30) for Al doped ZnO(2.5) thin film could be credited to an expansion in surface
roughness which tends to diminish the mean free path through expanded surface
scattering and makes the transparency of the films be lessened ( Transparency of 60%
obtained for AZO(2.5)). The lowest refractive index (n =2.11) for AZO (5) is because to
grain size enhancement which results from lower strain in the deposited film. This is
consistent with the estimated value of the crystallite size (Table 1).The extinction coefficient (k) was found to fall from 0.008 to 0.0031 after doping .9 shown in Figure 5(b).
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3.2.3. UV- Transmittance

Figure 6: The optical transmission spectra of AZO thin films deposited for different Al concentrations.

Figure 6 shows the optical transmission spectra of AZO thin films coated for different Al
concentrations. The transparency of the undoped films is observed to be more prominent than
that of the doped films. A blue shift in the optical band edge was detected in the absorption
spectra. This may be because of the presence of Al2O3 and Zn-O-Al phases in the synthesized
films . Degradation of crystallinity causes the decrease in the transmittance of the AZO films
[5].The pure ZnO and Al doped films are observed to be transparent in the visible region (400900nm) and also in the near IR region which is a suitable factor for optical device design.
According to Burstein-Moss theory, inclusion of Al atoms shifts the Fermi level into the
conduction band of semiconductors leading to the widening of band gap. Hence larger
band gap would increase the optical transmission in the visible region. AZO(5) sample was
recorded to have the highest transmittance of 82% and all the other films have transmittance
above 70%. For doping percentages beyond 5% the transmittance decreases, this might be
because of the increased phonon scattering which results in band gap widening.[1]
3.2.4. Photoluminescence Analysis.

Figure 7: Photoluminescence (PL) spectra for all the four AZO thin films
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Photoluminescence (PL) spectra for all the four AZO thin films are shown in Figure
(7). The films are excited by Hg arc lamp at 313nm and show strong visible emission
band centered around 420 nm and a hump around 494nm for all the AZO samples. The
near band edge (NBE) emission centered around 380nm for pure ZnO shifts to 420nm
due to Al doping .The NBE emission is due to free-exciton annihilation [31]. The
maximum PL intensity was obtained for the AZO (5) sample. This may originate from
the recombination of photoelectrical holes with electrons located at the ionized oxygen
vacancies [11].
The blue emission in the emission spectra at 420nm (2.95eV) is inversely proportional
to FTIR intensity of vibrational band at 458cm-1, which is consistent with the result of
PL characterization. The characteristic blue-green emission at 503nm is present at 495nm
for the Al doped samples. This emission might be due to phonon-assisted transition
[31,32].E.G. Bylander et.al gave a model that the blue-green emission is a result of
electronic transition from an interstitial Zn to Zn vacancy [33]. The intensity of bluegreen emission for the Al doped samples is decreased due to the drop in oxygen antisites
and naturally the resistivity (ñ) of these films are found to be less due to this.
3.3. Electrical properties
3.3.1. Voltage-Ampere characteristics

Figure 8: I-V Characteristics of AZO thin films for Al dopant concentration.

The Voltage-Current characteristics of undoped and AZO thin films were recorded
by Keithley source meter. The measurements were made for voltage ranging from -5 to
+5V. Figure 8 shows the variation of current (I) with voltage (V). Volatge-current
characteristics of both doped and undoped Al films which are found to follow ohmic
conduction mechanism . The variation of resistivity (ñ) of thin films with the concentration
of Al is shown as inset in the Figure 8. The resistivity of the undoped ZnO thin films is 84
&! cm and it is reduced by two orders of magnitude to 0.45&! cm AZO (5) thin film. A.
El Manouni et al got a similar result, when the Al doping concentration varied from 0 to
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4%, the resistivity decreases from 45&! cm to 0.8&! cm for ZnO:Al thin films for the
same substrate temperature prepared from Zinc chloride.[6]. It is inferred that the
resistivity (ñ) decreases up to 5at%, implying the replacement of Zn 2+ by Al3+ ions
contributing more charge carriers for electrical conduction. Increase in resistivity
thereafter possibly due to disorder produced in the ZnO lattice which causes the scattering
of carriers such as ionized impurities and phonons [7].
3.3.2. Determination of Mobility and Carrier concentration through Hall Measurement

Figure 9: Variation of (a)Resistivity, (b) Carrier concentration, and (c) Mobility with Al dopant
concentration

It was found that the charge carrier concentration (ne) of AZO films increased with
doping. The variation of electron concentration, mobility and resistivity with Al
concentration is shown in Figure (9). The concentration of charge carriers (ne) of 5.9
x1018 cm-3 and a mobility of (µ) of 5cm 2/Vs was obtained for 5at% AZO films. The
improvement of carrier concentration results from extrinsic donor, which is due to
aluminum substitution at the Zinc site and/or the aluminum interstitials in the ZnO
lattice .Thereafter the mobility of the films fond to decrease with increase in Al
concentration. The earlier reports predict that, excess Al doping forms Al2O3, nonconducting clusters resulting in crystal disorder and defects which behave as carrier
traps instead of electron donors [34, 35].This causes defects thereby inhibiting mobility
of carriers at higher doping percentage.
4. Conclusion
Transparent, conductive Al doped Zinc oxide thin films are synthesized by a indigenously
developed spray unit. The effect of electrical and optical properties on Al content was
studied. The XRD results exhibit that all the thin films are polycrystalline with a hexagonal
wurtzite structure. The films surface shows change in morphology from a spindle like
nano structure to nano rods with doping. The UV-absorption studies reveal that the
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absorption edges are blue shifted and the energy band gap increases from 3.21 to 3.30eV
from undoped to doped samples. The pure ZnO and Al doped films are found to be
transparent in the visible region (400-900nm) and also in the near IR region with a
average transmittance of 82%. Optical parameters refractive index and extinction
coefficient (k) are found to decrease with Al doping .Among the doped films, the AZO(5)
thin film possess the best optoelectronic properties, with lowest resistivity 0.45&! cm,
the carrier concentration (ne) of 5.9X1018 cm-3 and a mobility of (µ) of 5cm2/V sec . The
experimental results show the suitability of Al doped ZnO films as transparent electrode
in solar cell fabrication.
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