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Transparent Al doped ZnO nanocrystalline films with a crystallite size less than 19 nm are obtained
by spray pyrolysis. Band gap increases monotonically from 3.16 to 3.31eV with increasing aluminum
dopant up to 1.56 at.% facilitating increasing width of a transmission window in addition to the band gap
tuning of 4.74% which compares favorably well with literature. UV emission with continuously increasing

intensity is obtained which reflects on the good crystalline quality of the films. Also the defect emissions
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are suppressed remarkably as the dopant Al concentration increases in ZnO. The band gap tuning by quite
small increment in dopant amount makes the present films, much attractive for the fabrication of light
emitting devices with a much sought-for benefit of large area fabrication. FESEM shows the surface is
granular with grain size lying in the range of 20-35 nm and EDX confirms the presence of Al in the doped

© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

Band-gap engineering of ZnO is an area of continuous interest
for developing transparent photonic devices, transparent electron-
ics and transparent conducting electrodes [1-3]. ZnO also caters
surface acoustic wave devices [4], solar cells [5], flat panel display
|6] etc. besideothers. Transparent conducting layer of Al-doped ZnO
nanowire thin film has been used in dye-sensitized solar cells [7].
ZnO based nanowires also show good performance in applications
such as energy harvesting, flexible electronics etc.[8]. Sensing of
gases using hybrid ZnO-Bi, 03 and Zn0-Zn,Sn04 tetrapod networks
has also been reported [9]. Broadband photo-absorption has been
obtained by stretchable 3D hybrid architectures based on aero-
graphite decorated by nano- and micro- scale tetrapods of ZnO
[10].

A wide direct band gap of about 3.37 eV facilitates optical trans-
parency to ZnO over the entire visible region. Additionally, its
large exciton binding energy of 60 meV at room temperature leads
to photoluminescence properties [11]. Generally, ZnO exhibits a
blue-green emission at room temperature regardless of the fab-
rication conditions and techniques. The green photoluminescence
from ZnO structures is thought to be due to surface defects viz.
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singly ionized oxygen vacancies, Zn interstitials, Zn vacancies
etc.[12].Various nanostructures can be grown in zinc oxide. ZnO
tetrapods and their networks fabricated using flame transport syn-
thesis (FTS) exhibit promising photocatalytic and photoswitching
behaviours. Network of these structures have rewarding features
such as high-temperature stability, electrical conductivity, tunable
Young’s modulus etc. which open up numerous areas not only in
basic research but also for industrial applications. In addition to
ZnO, nano- and microstructures of SnO, [13] and several other
metal oxides can be synthesized by the FTS [14]. A sample having
direct integration of ZnO nano- and micro- needles using FTS shows
NBE emission located around ~380 nm and a broad green lumines-
cence due to deep level defects [15]. Isoelectronic dopants such as
Ca, Mg, Sr etc. have been added to ZnO to tune its band gap whereas
Group Il metal dopants viz. Al, In, Ga have been suitably added to
increase the electrical conductivity and transparency of ZnO films
[16-18]. Out of these dopants, aluminum has proved to be effec-
tive in obtaining high quality samples with increased transparency
to visible light and emission in UV/blue region [19]. Additionally,
due to Burstein-Moss effect (BM), band gap also gets altered. With
naturally occurring n-type conductivity and optical transparency,
zinc oxide is emerging as a potential alternative to ITO for thin
film transparent electrode applications. Doped ZnO films which are
reported to be comparatively more stable, both thermally [20-24]
and electrically, can be obtained using various physical deposition
methods - PLD, sputtering, thermal evaporation, magnetron sput-
tering [25] etc. - where maintenance of vacuum is essential; as well
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as chemical vapour deposition and wet chemical routes [26-31].
Here in the present work Al doped ZnO films are obtained by spray
pyrolysis -a wet chemical route capable of large area deposition
with no requirement of vacuum. The effect of doping on optical
properties, i.e. transmission, band gap and photoluminescence is
the main focus of this paper besides study of structure and surface
of the film. The optical properties of ZnO based films largely depend
on the surface morphology [32].

2. Experimental

The precursor solution of undoped ZnO is prepared by dissolv-
ing 2 gm of zinc acetate dihydrate (Merck India, 99.00%) in 45 ml
ethanol (Hayman, UK, 99.723%) to obtain a molarity of 0.2 M. Ten
drops of diethanolamine (Merck India 98.9%) were also used at the
time of mixing as described in Ref. [20]. For 1, 2 ad 3 at.% Al dop-
ing, 0.0339, 0.0674 and 0.1004 gm of AI(NO3)3-9H,0 is dissolved in
0.45,0.90 and 1.33 ml of ethanol, respectively; separate solutions of
1.966, 1.932 and 1.899 gm of zinc acetate dihydrate are prepared in
44.8, 44.0 and 43.2 ml of ethanol, respectively. Next, both the pre-
cursor solutions are mixed together to obtain precursor solutions
for 1, 2, and 3 at% Al doped ZnO which are then aged for five days
before spraying them on separate substrates using the experimen-
tal set-up described in Ref. [26]. The flow rate was kept at 1.0 ml
per min with nozzle-substrate distance of 20 cm and substrate tem-
perature of 400 °C. Annealing, essential for obtaining good quality
stabilized films, was carried for 4 h at 450 °C. The entire process is
shown in flowchart, Fig. 1. The four sample films deposited using
precursors with 0, 1, 2 and 3 at.% Al doping in ZnO are named as
AZ0, AZ1, AZ2 and AZ3, respectively.

The crystal phase and crystallinity of the samples have been
investigated using X-Ray diffractometer (Model - PANalytical
X'Pert PRO X-ray diffractometer) for 20 values ranging from 25
to 80° using CuKa radiation (A =1.54184 A). The energy dispersive
analysis (EDX) and surface morphology is obtained using FESEM
(Model- ZEISS). Transmission spectra and photoluminescence (PL)
spectra have been recorded using UV-vis spectrophotometer

(Model- V670, Jasco) and fluorescence spectrometer with a 20 kW
Xe discharge lamp (Model- LS-55, Perkin Elmer), respectively. Dur-
ing PL measurement, the experimental settings such as excitation
wavelength (325 nm), excitation and emission slit width (15 nm)
and step size (0.5 nm), were kept the same for all the samples. All
the measurements were performed at room temperature.

3. Results and discussion
3.1. X - ray diffraction

The XRD patterns (Fig. 2) correspond to the hexagonal wurtzite
structure of ZnO showing noticeable orientation along (100), (002)
and (101) plane [33] with (002) plane as the most preferred
one. Also, any impurity phase does not appear in the doped
films. The peak along c-axis, i.e. (002) plane occurs at 20=34.424",
34.384°, 34.284° and 34.584° for samples AZO, AZ1, AZ2 and
AZ3, respectively. The diffraction peak shifts to a lower value
of 20 for AZ1 and AZ2. For sample AZ3 the angle of diffraction
increases becoming more than that for AZO. The orientation param-
eter yy [29,34] varies from 0.141 to 0.286 with the maximum
value along (002) plane (Table 1). For all the samples crystal-
lite size, as calculated from Debye-Scherrer (DS) formula, varies
from 9 to 19nm [35,36]. Williamson and Hall plot [37] shown
in Fig. 3 has been obtained using full width at half maximum
(FWHM, B) of the XRD peaks and the corresponding diffrac-
tion angles to study size and strain induced line broadening.
The trend line equations of the plots in Fig. 3 are found to be
y=-0.0585x+0.0272,y=-0.0233x+0.0148,y = —0.0063x + 0.0100
and y=0.1654x —0.0367 for samples AZO to AZ3, respectively.
These equations when compared to [3cos8 =C\/[twy +2&sind give
the strain € and crystallite size tyy in the films (Table 1). C, the cor-
rection factor is taken as 1. Value of the strain is found to vary from
—3.15x 10 to0 8.270 x 10~2. Negative and positive signs indicate
the compressive and tensile strains respectively. Strain in sample
AZ2 is less by two orders as compared to those in other samples
and this is also reflected by the approximately same particle size
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Fig. 1. Process for obtaining the precursor and the films.



www.czasopisma.pan.pl P N www.journals.pan.pl
=

N. Kumar, A. Srivastava'/ Opto-Electionics Review 26 (2018) 1-10

Intensity (a.u.)

(002)
(100)

(101)

(1?2) (110) (193)(200)(004)

25 30 35 40 45 50 55 60 65 70 75 80
206( Degree)

Fig. 2. XRD spectra for undoped and Al doped thin films. Curves a-d correspond to samples AZ0, AZ1, AZ2 and AZ3, respectively.

Table 1

Crystallite size determined by DS formula and WH plot, strain and orientation parameter along different planes for undoped and Al doped films.
Samples tps (nm) twn (nm) Strain & Orientation Parameter y(hkl)

(100) (002) (101) (100) (002) (101)
AZ0 11 18 13 5 -2.92x 102 0.184 0.248 0.150
AZ1 15 19 17 10 —1.11x 1072 0.182 0.255 0.147
AZ2 16 18 16 15 —3.15x 104 0.202 0.286 0.173
AZ3 17 11 9 4 8.27 x 102 0.149 0.212 0.141
a 0.012 1 b
0.016 7 y =.0.0585x + 0.0272 y =-0.0233x + 0.0148
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Fig. 3. Williamson-Hall plots for undoped and Al doped thin films. Here a-d correspond to samples AZ0, AZ1, AZ2 and AZ3, respectively.

obtained both by DS formula and WH plot. Here the a-lattice con- taining the ratio c/a close to 1.56, Table 2. The anion-cation bond
stant [33]is found to decrease for samples AZ1 and AZ3 but remains length lies in the range 2.007-2.013 A. Dislocation density [38] rep-

unchanged for sample AZ2. The c-lattice constant [33] increases resenting the amount of defects in the film, calculated along each
for samples AZ1 and AZ2, and decreases for sample AZ3, main-
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Fig. 4. EDX of undoped and Al doped films where a-d correspond to samples AZ0, AZ1, AZ2 and AZ3, respectively. Here curves (I) and (II) correspond to dopant amount in

precursor solution and sample films, respectively.

Table 2

Lattice constant, bond length and dislocation density for undoped and Al doped films.

Samples Lattice Constant cla Anion-Cation Bond Length (A) Dislocation Density & x (108 lines/mm?)
a(A) c(A) (100) (002) (101)
AZ0 3.328 5213 1.56 2.011 79.05 30.13 56.89
AZ1 3.326 5218 1.56 2.011 40.60 25.77 33.64
AZ2 3.328 5.233 1.57 2.013 38.32 27.90 37.77
AZ3 3.324 5.189 1.56 2.007 31.04 75.60 120.69

plane using the formula 8 = 1/tps? [39] varies randomly from 10° to
1010 lines/mm? for the undoped and doped samples (Table 2).

The increase in c-lattice constant with increasing dopant
amount up to 1.26 at.% indicates that the doping species AI3* contin-
ues to lodge itself in the interstitials. A further increase in doping
amount, 1.56 at.%, leads to shrinkage of the lattice constant sug-
gesting a substitutional lodging of the Al dopant. Similar trend has
been observed earlier in the case of Ca doped ZnO films [36] where
the increased c-lattice constant started shrinking for much lower
dopant concentration (0.88 at.%) as compared to that of Al. This
may be attributed to the larger difference, nearly double, in the
ionic radii of Ca2* and AI**. AI3*, being much smaller, is likely to
lodge itself in interstitial space even for higher dopant amounts,
beyond which substitution of Zn ions becomes inevitable. Even
higher dopant amount may reduce crystallinity or lead to segre-
gation of host and dopant.

3.2. EDX and SEM

The quantification of aluminium in the doped ZnO films is done
by energy dispersive analysis. The EDX spectra (Fig. 4a-d) confirm
the presence of Zn and O as the only species in the undoped sample
AZO0. In the doped films, Al concentration is determined to be 0.62,
1.26 and 1.56 at.% whereas initially the respective precursor solu-
tions were prepared with 1, 2 and 3 at.% Al doping. Here it should
be mentioned that generally, in cases of wet chemical deposition
methods, the actual concentration of dopant in the film is less than
thatin the precursor solution [33,40]. The concentration of Al in the
precursor solutions as well as in the sample films has been shown
through curves (I) and (II) of Fig. 4. The surface morphology of the

four samples is shown in Fig. 5a-d. For undoped ZnO, i.e. sample
AZ0, the surface is granular with grain size varying in the range
20-35nm. For 0.62 at.% Al in ZnO (sample AZ1) the grains coalesce
resulting in a flat smooth network over the surface. For sample AZ2
the network shrinks and separates out in smaller grains though not
completely. As the concentration of Al increases further to 1.56 at.%
(sample AZ3), clearly separated small cylindrical grains scattered
over an almost smooth surface appear.

3.3. Optical transmission and band gap

The optical transmission spectra is recorded in the range of
300-900 nm for normal incidence using UV-vis-NIR spectropho-
tometer in the wavelength scanning mode, Fig. 6. As the amount
of Al dopant is increased in the ZnO films the transmittance in
the visible region increases monotonically from 60 to 80%. How-
ever, Chabane et al have reported a lowering in transmission by
10% on 8% Al doping [41]. The transmittance suddenly drops to
~10% near 372 nm for sample AZ0. This cut-off occurs for shorter
and shorter wavelength as the amount of dopant is increased, lead-
ing to an enhancement in the band gap as well as in the width of
transmission window. The absorption coefficient o and the optical
band gap E; are related by the formula achv =(hv—Eg)" where h is
the Planck’s constant and v is the frequency of the incident radia-
tion, n=1/2 for ‘direct’ and 2 for ‘indirect’ band gap materials [42].
ZnO is a direct band gap material and so here n has been taken as
1/2 for band gap calculation. The absorption coefficient « is cal-
culated from transmission data to obtain Tauc’s plot from which
the band gap E; is determined (inset I of Fig. 6). The band gap for
undoped and Al doped films, having thickness as 275, 227, 300 and
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Fig. 5. SEM of undoped and Al doped films where a-d correspond to samples AZ0, AZ1, AZ2 and AZ3, respectively.
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Fig. 6. Transmission spectra for undoped and Al doped thin films. Curves a-d correspond to samples AZ0, AZ1, AZ2 and AZ3 respectively. Insets (I) and (II) show Tauc’s plot
i.e. (ahv)? vs. photon energy and variation in band gap with Al concentration along with the linear fit, respectively.

350 nm, is found to be 3.16(392 nm), 3.22(384 nm), 3.30(375 nm)
and 3.31 eV (374 nm), respectively. Variation of the band gap with
Al dopant concentration x (inset II of Fig. 6), follows the equation
Eg(x)=0.108x+3.153. Thus, a band gap enhancement of 4.74% is

obtained for a dopant concentration of 1.56 at.% Al in ZnO. This
can be explained in terms of Burstein—-Moss effect in case of donor
dopants like aluminium. According to BM effect [43-45], increase
of the carrier concentration results in a shift of the Fermi level and
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blocking of some of the lowest states, thereby causing widening
of the band gap resulting in the blue-shift of the absorption tail.
Results from the literature on variation of band gap in Al doped
ZnO are summarized in Table 3, to facilitate comparison.

In the present study the band gap widening of 0.06, 0.14 and
0.15eV is obtained for 0.62, 1.26 and 1.56at.% Al doping in ZnO
films which compares favorably well with some results in litera-
ture as discussed here. Sharma et al. [19] have reported a band gap
widening of 0.07, 0.08 and 0.05 eV for 1, 3 and 5 at.% Al doped ZnO
films deposited by CVD. The band gap first increases up to 3 at.%
doping and then drops but remains more than that for undoped
one. This trend had been attributed to the stress in the films which
varies in the corresponding manner. Park et al. [46] and Murali et al.
[47] have reported an increment of 0.04 (3 wt.% doping) and 0.10 eV
(10wt.% doping), respectively which is much less than the present
result even when the method of deposition used - magnetron
sputtering- was highly sophisticated compared to spray pyrolysis
used here. Lai et al. [48] have worked for 1 mol%Al doping and vary-
ing film thickness. For 271, 362 and 807 nm thickness the band gap
widening have been reported to be 0.04, 0.07 and 0.08 eV which
decreases with further increment in thickness, whereas in present
study the films are much thinner, in the range of 275-350 nm, with
nearly twice the band gap widening at 1.56 at.% doping. Wang et al.
[49] reported a band gap widening of 0.02 and 0.04eV for 1 and
2 at.% doping by sol gel method. Davoodi et al. [50] report Eg value
of 3.23 and 3.24 eV for ZnO and AZO dip-coated thin films, respec-
tively and have attributed the widening to the Burstein-Moss effect.
Nakrelaetal. [51] reportaband gap increase from 3.20to 3.27 eV on
doping 4 at.%Al in ZnO thin films prepared by spray pyrolysis. How-
ever, contrasting results, i.e. reductions in band gap have also been
reported. Optical band gap of 8%Al doped ZnO thin film reduces
slightly from 3.29 to 3.27 eV for the films deposited on alkali free
borosilicate glass and p-type silicon substrates using the Ultra-
sonic Spray Pyrolysis [41]. Rehman et al. [52] report a decrease in a
band gap from 3.28 eV to 3.05 eV due to doping of 4 mol%Al in the
films obtained by spray pyrolysis. Thermal annealing of Al doped
ZnO thin films prepared by radio-frequency magnetron sputter-
ing on quartz substrate has band gap reduction effect as it changes
from 3.80eV to 3.59 and 3.77 eV by annealing at 400°C in N and
N, +4%H;, respectively [53]. Electron irradiation [54] of doped film,
3at.% aluminum dopant in ZnO, also led to a decrease in optical
band gap from 2.72 to 2.46 eV as irradiation dose increased from
1 to 5 kGy. These thin films were deposited on glass substrates by
spray pyrolysis technique.

There are two competing effects responsible for band gap shifts.
One is Burstein-Moss effect and the other is band gap narrowing.
The former occurs due to increasing carrier concentration and the
movement of Fermi level in the conduction band whereas the lat-
ter occurs due to merger of the donor level and the conduction
band above a critical carrier concentration termed as Mott density
which is taken to be 4.5 x 1018 cm?3 [55,56]. Also, when the number
of defects is high in ZnO based sample the defect states get more
delocalized and may overlap with the valence band edge thereby
raising it and leading to band gap reduction [57]. Transition metal
dopants (Mn, Co in +2 state, Fe) also increase the band gap of ZnO
which has been explained on the basis of exchange interaction of
electrons in conduction and valence band with the d electrons of
the dopants [58-60] and also in terms of sp hybridization [33,61].

In case of PLD, stochiometry is maintained and, therefore dopant
concentration in the films remains same as that in the starting
material. In both the Refs. [16,27] higher band gap enhancements as
compared to present case are obtained but with a severe limitation
of very small area deposition of PLD technique. The dopant amount
was 4 and 3.3 at% in Refs. [28,45] and the methods used were CVD
and magnetron sputtering, respectively. Compared to these cases,
in the present study the dopant concentration is much less.

Table 3

Related results from literature for Al doped ZnO thin films including method of preparation, band gap, dopant amount and reference.

Explanation Reference

Amount of Al Dopant

Tuning of Band Gap Change in Band Gap (eV)

Method of Preparation

Sample/Substrate

Shukla et al. [16]

Burstein-Moss shift
Burstein-Moss shift
Burstein-Moss shift
Enhanced stress

Burste
Burste

0-2at.%
0-2at.%
0-4at.%
0-3at.%
0-3.3at%

+0.30
+0.27

+0.31

3.27-3.57 eV (from graph)
3.28-3.55eV (from graph)

PLD
PLD

m/Glass
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Dasetal. [27]
Lu et al. [28]
Sharma et al. [19]

m/Sapphire (0006)

3.28-3.59eV
3.19-3.27eV
3.20-3.41eV

CVD

m/soda-lime glass

m/Quartz

+0.08
+0.21
+0.04

+0.10

CVD
RF magnetron sputtering

Kim et al. [45]

ft

Park et al. [46]
Murali et al. [47]

ft

ft

Lai et al. [48]
Wang et al. [49]

ft

ft

Davoodi et al. [50]

ft

m/Si (001)
m/glass

0-3wt.%
1-10wt.%

0-1mol.%
0-2.0at.%,

3.34-3.38eV

DC Magnetron Sputtering

Burste
Burste
Burste

3.29-3.39eV

Dc magnetron co-sputtering

m/soda-lime glass

m/glass

+0.04
+0.04

+0.01

3.29-3.33eV

Spray pyrolysis

3.26-3.30eV
3.23and 3.24eV,

Sol-gel technique

m/ glass
m/glass

Burste

lat%

4 at. %Al
0-1.56at. %
0-4 mol.%
8%Al doped

Dip-coating
spray pyrolysis
Spray pyrolysis

Nakrela et al. [51]

+0.07
+0.15

3.20-3.27eV

m/glass

Present study
Rahman et al. [52]

Burstein-Moss shift

3.16-3.31eV

m/glass

Spray pyrolysis 3.28-3.05eV -0.23
—-0.02

Ultrasonic Spray Pyrolysis

m/glass

Chabane et al. [41]

3.29-3.27eV

m/borosilicate glass and p-type silicon substrates

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi

Thin Fi
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In all the above reports except films prepared by PLD, the maxi-
mum band gap enhancement obtained is approximately 1.2% which
is much less compared to that presently reported. An enhancement
of 4.74% in the band gap by quite small increment in dopant concen-
tration (0-1.56 at.%) makes the present films, which are prepared by
spray pyrolysis, much attractive for the fabrication of light emitting
devices with a much sought-for benefit of large area fabrication.

3.4. Photoluminescence

As mentioned earlier the excitation wavelength is taken to be
325nm (3.81eV) [27], an energy much larger than the band gaps
obtained in Section 3.3. PL emission spectra of all the samples show
one peak in UV region and three peaks in the visible region of spec-
trum, Fig. 7. UV emission is of much higher intensity than those
of the other peaks. For all the samples UV emission peak occurs
at ~389nm (3.18 eV) whereas the band gaps for these samples are
of 3.16, 3.22, 3.30 and 3.31 eV, respectively and as seen in previ-
ous section. Therefore, for undoped ZnO, UV emission appears to
be a band to band transition as the emitted energy is more than
the band-gap whereas for the three doped-ZnO samples the UV
emission peaks are Stokes shifted with respect to the absorption
edge in all the films indicating near band edge (NBE) or excitonic
transitions. The PL emission near to its band gap is assigned as NBE
emission and that occurring in visible region, in the case of ZnO,
is assigned as defect related emission. It has also been reported by
many authors. It may be recalled that if the energy of fluorescence
emission is lesser than that of excitation, the emission is known as
Stokes shifted. Occurrence of Stokes shift is important for practi-
cal applications as it facilitates separation of strong excitation light
from weak fluorescence using appropriate optics. The three peaks
in the visible region occur at 446, 460 and 485 nm and are defect
related. Occurrence of UV emission from all the samples reflects
upon the good crystalline quality of the present films grown by
spray pyrolysis. The intensity of the UV emission is found to depend
on the amount of Al doping and increases monotonically with

increase in dopant amount. More importantly, defect emissions are
suppressed remarkably as Al concentration increases i.e. for sam-
ples AZ2 and AZ3 (Fig. 7 inset (A)) which is explained later. The ratio
of intensities of UV to visible emission (at wavelength 486 nm),
Tuv/lyis, increases from 5.03 to 10.26 as the dopant increases from 0
to 1.56 at% via a low of 2.77 at 0.62 at.%. (Fig. 7 inset (B)). As men-
tioned earlier, the energy of UV emission remains the same for
varying dopant-amounts in the present films. Similar observation
has been reported by Park et al. [46], Sharma et al. [62], Das et al.
[63] and Das et al. [27] where Al doped ZnO films are deposited by
DC magnetron sputtering, chemical vapor deposition, sol-gel dip
coating and sequential pulsed laser deposition respectively. In Ref.
[46] UV emission is at 3.43 eV energy of which does not depend on
Al concentration although emission intensity increases monotoni-
cally. InRef. [62] UV emission is at 380 nm which changes to 377 nm
as dopant concentration increases from O to 3 at% whereas emission
intensity remains almost the same as inferred from the reported PL
plot. Exactly same shift in UV emission has been reported by Das
et al. [63] but for 1 at.%Al doped sample. In Ref. [27] where PLD is
used, UV emission occurs at ~370 nm which shows blue-shift with
increase in dopant concentration from O to 5 at.% and the emission
intensity decreases markedly in a monotonous manner which is
reported to be due to deterioration in the crystalline quality of the
films on increased Al doping. It appears that films obtained using
PLD, being a quite sophisticated method, are more sensitive to dop-
ing. In Refs. [35,44]discussed above, as well as in the present study,
UV emission intensity either remains unaltered or increases with
increase in aluminium dopant concentration but the defect related
emissions or deep-level emissions get suppressed in all the four
cases [Refs. [18,35,44] and the present study].

In literature deep-level emission has been attributed to the
native defects like oxygen vacancies (V,), zinc vacancies (Vzy),
interstitial zinc (Zn;) sites [46] and antisites [64-66]. Coexistence of
Vz, with Zn; is highly probable as also shown by Lin et al. [67]. Ref-
erences [67,68] have shown the intrinsic defect levels of ZnO films
(of band gap 3.36eV) using full-potential linear muffin-tin orbital
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Fig. 7. Photoluminescence spectra of undoped and Al doped thin films. Curves a-d correspond to samples AZ0, AZ1, AZ2 and AZ3, respectively. The insets A and B show
variation in intensity of emission I,;; at wavelength 486 nm and the ratio Iyy/ly;s with Al concentration, respectively.
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method. Zn; levels are at 2.90 eV, Zn;* levels are at 2.75eV and Vz,
areat0.30eV above the valance band. V,, O; and Oz, areat 1.62,2.28
and 3.28 eV below the conduction band. Vz,™ is at ~2.69 eV below
the conduction band. These energy levels are shown in Fig. 8 and
accordingly the blue green luminescence at 486 nm (2.55 eV) occur-
ring in our experiment can be correlated to the electronic transition
from the donor energy level of Zn; to the acceptor level of Vzy;
the blue emission at 460 nm (2.69 eV) corresponds to conduction
band - Vz,~ transition and the violet emission at 446 nm(2.78 eV)
corresponds to Zn;* to valence band transition. The presence of Al
promotes oxygen diffusion in ZnO matrix which leads to the sup-
pression of oxygen vacancies related defects [69,70]. Presence of
AI3* also reduces the concentration of Zn2*; to maintain charge neu-
trality. Besides, method of deposition also plays a role in deciding
the equilibrium of various types of defects and optical and crys-
talline quality of films. Thus, appropriate amount of Al doping in
ZnO can be used to enhance the intensity and quality of UV emission
as rising concentration of Al dopant in spray deposited ZnO films
suppresses defect emission. The presence of Al interstitials indi-
cated by the increase of lattice constant, in addition to Zn increases
the number of donor levels thereby increasing the defect emis-
sion from sample AZ1 as compared to that from AZO. Similarly in
sample AZ2 also, having increased dopant amount, the number of
donor levels have increased. In spite of this fact, the defect emis-
sion decreases. Such an effect owes to competing phenomenon of
quenching of the defect fluorescence with increase of Al concen-
tration as they interfere with each other’s sphere of activity. In Ref.
[36] quenching set in when the Ca started substitution of Zn which
was indicated by shrinkage of lattice constant. Here in case of Al,
the ionic radii is much smaller and therefore more and more Al3*
can accommodate themselves in interstitial and result in elongated
lattice constant. Substitution of Zn predominates at comparatively
higher concentrations. Since more and more Al3* ions are located
in closed vicinity, quenching sets in leading to diminished defect
emission in spite of large number of donor levels.

On the contrary in earlier investigations the UV emission, which
is an NBE emission, showed blue shift with increase in dopant con-
centration for the sol-gel spin coated films. For Ca doped ZnO, this
peak shifted from 399 to 392 nm as dopant concentration increased
from O to 1.47 at% leading to a tuning of UV emission by 0.055 eV
[36]. For Sr doped ZnO, this peak shifted from 399 to 393 nm as
dopant concentration increased from O to 3 at% leading to a tun-

ing of UV emission by 0.053eV [71]. For Fe doped ZnO, this peak
shifted from 398 to388 nm as dopant concentration increased from
0 to 3 at% leading to a tuning of UV emission by 0.076 eV [33].

4. Conclusions

Hexagonal wurtzite aluminium doped zinc oxide nanocrys-
talline films with crystallite size less than 19 nm are obtained on
glass substrate using spray pyrolysis, with preferred orientation
along (002) plane. The films are optically transparent with trans-
mission around 75%. With increasing dopant concentration from
0 to 1.56at.% the band gap increases monotonically from 3.16
to 3.31eV facilitating a band gap tuning of 4.74% and a contin-
uously increasing width of the transmission window. Ultraviolet
photoluminescence at 389 nm of continuously increasing intensity
with increase in dopant is obtained which reflects on good crys-
talline quality of the films. More importantly, dopant Al suppresses
the defect emissions remarkably with its increasing concentra-
tion in ZnO. The surface is granular with grain size varying in the
range 20-35 nm. Small cylindrical grains with reduced areal den-
sity appear over an almost smooth surface as the amount of dopant
increases to 1.56 at%. The band gap enhancement obtained here
is much larger as compared to those reported in literature which
are at the most ~1.2%, excluding the films prepared by PLD. The
band gap tuning by quite small increment in dopant concentra-
tion makes the present films, much attractive for the fabrication of
light emitting devices with a much sought-for benefit of large area
fabrication.
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