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a  b  s  t  r  a  c  t

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 3.31  eV 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
eywords:
l doped ZnO
pray pyrolysis
and-gap
nhanced UV-emission
uppression of defect-emission

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
samples

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

Band-gap engineering of ZnO is an area of continuous interest
or developing transparent photonic devices, transparent electron-
cs and transparent conducting electrodes [1–3]. ZnO also caters
urface acoustic wave devices [4], solar cells [5], flat panel display
6] etc. besideothers. Transparent conducting layer of Al-doped ZnO
anowire thin film has been used in dye-sensitized solar cells [7].
nO based nanowires also show good performance in applications
uch as energy harvesting, flexible electronics etc.[8]. Sensing of
ases using hybrid ZnO-Bi2O3 and ZnO-Zn2SnO4 tetrapod networks
as also been reported [9]. Broadband photo-absorption has been
btained by stretchable 3D hybrid architectures based on aero-
raphite decorated by nano- and micro- scale tetrapods of ZnO
10].

A wide direct band gap of about 3.37 eV facilitates optical trans-
arency to ZnO over the entire visible region. Additionally, its

arge exciton binding energy of 60 meV  at room temperature leads
o photoluminescence properties [11]. Generally, ZnO exhibits a

lue-green emission at room temperature regardless of the fab-
ication conditions and techniques. The green photoluminescence
rom ZnO structures is thought to be due to surface defects viz.

∗ Corresponding author.
E-mail addresses: nishant1986lu@gmail.com (N. Kumar),

srivastava.lu@gmail.com (A. Srivastava).

ttps://doi.org/10.1016/j.opelre.2017.11.001
230-3402/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier 
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 SnO2 [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 III 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

B.V. All rights reserved.
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s chemical vapour deposition and wet chemical routes [26–31].
ere in the present work Al doped ZnO films are obtained by spray
yrolysis -a wet chemical route capable of large area deposition
ith no requirement of vacuum. The effect of doping on optical
roperties, i.e. transmission, band gap and photoluminescence is
he main focus of this paper besides study of structure and surface
f the film. The optical properties of ZnO based films largely depend
n the surface morphology [32].

. Experimental

The precursor solution of undoped ZnO is prepared by dissolv-
ng 2 gm of zinc acetate dihydrate (Merck India, 99.00%) in 45 ml
thanol (Hayman, UK, 99.723%) to obtain a molarity of 0.2 M.  Ten
rops of diethanolamine (Merck India 98.9%) were also used at the
ime of mixing as described in Ref. [20]. For 1, 2 ad 3 at.% Al dop-
ng, 0.0339, 0.0674 and 0.1004 gm of Al(NO3)3·9H2O is dissolved in
.45, 0.90 and 1.33 ml  of ethanol, respectively; separate solutions of
.966, 1.932 and 1.899 gm of zinc acetate dihydrate are prepared in
4.8, 44.0 and 43.2 ml  of ethanol, respectively. Next, both the pre-
ursor solutions are mixed together to obtain precursor solutions
or 1, 2, and 3 at% Al doped ZnO which are then aged for five days
efore spraying them on separate substrates using the experimen-
al set-up described in Ref. [26]. The flow rate was kept at 1.0 ml
er min  with nozzle-substrate distance of 20 cm and substrate tem-
erature of 400 ◦C. Annealing, essential for obtaining good quality
tabilized films, was carried for 4 h at 450 ◦C. The entire process is
hown in flowchart, Fig. 1. The four sample films deposited using
recursors with 0, 1, 2 and 3 at.% Al doping in ZnO are named as
Z0, AZ1, AZ2 and AZ3, respectively.

The crystal phase and crystallinity of the samples have been
nvestigated using X-Ray diffractometer (Model – PANalytical
’Pert PRO X-ray diffractometer) for 2� values ranging from 25
o 80◦ using CuK� radiation (� = 1.54184 Å). The energy dispersive
nalysis (EDX) and surface morphology is obtained using FESEM
Model- ZEISS). Transmission spectra and photoluminescence (PL)
pectra have been recorded using UV–vis spectrophotometer

Fig. 1. Process for obtaining the
ronics Review 26 (2018) 1–10

(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 2�=34.424

◦
,

34.384
◦
, 34.284

◦
and 34.584

◦
for samples AZ0, AZ1, AZ2 and

AZ3, respectively. The diffraction peak shifts to a lower value
of 2� for AZ1 and AZ2. For sample AZ3 the angle of diffraction
increases becoming more than that for AZ0. The orientation param-
eter �(hkl) [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 19 nm [35,36]. Williamson and Hall plot [37] shown
in Fig. 3 has been obtained using full width at half maximum
(FWHM, �) 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 AZ0 to AZ3, respectively.
These equations when compared to �cos� = C�/tWH + 2�sin� give
the strain � and crystallite size tWH in the films (Table 1). C, the cor-
rection factor is taken as 1. Value of the strain is found to vary from

−3.15 × 10−4 to 8.270 × 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

 precursor and the films.
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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 tDS (nm) tWH (nm) Strain � Orientation Parameter �(hkl)

(100) (002) (101) (100) (002) (101)

AZ0 11 18 13 5 −2.92 × 10−2 0.184 0.248 0.150
AZ1  15 19 17 10 −1.11 × 10−2 0.182 0.255 0.147
AZ2  16 18 16 15 −3.15 × 10−4 0.202 0.286 0.173
AZ3  17 11 9 4 8.27 × 10−2 0.149 0.212 0.141

. Here

o
s
u
f

Fig. 3. Williamson-Hall plots for undoped and Al doped thin films
btained both by DS formula and WH plot. Here the a-lattice con-
tant [33] is found to decrease for samples AZ1 and AZ3 but remains
nchanged for sample AZ2. The c-lattice constant [33] increases
or samples AZ1 and AZ2, and decreases for sample AZ3, main-
 a–d correspond to samples AZ0, AZ1, AZ2 and AZ3, respectively.
taining the ratio c/a close to 1.56, Table 2. The anion-cation bond
length lies in the range 2.007–2.013 Å. Dislocation density [38] rep-
resenting the amount of defects in the film, calculated along each
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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 c/a Anion-Cation Bond Length (Å) Dislocation Density � × (108 lines/mm2)

a (Å) c (Å) (100) (002) (101)

AZ0 3.328 5.213 1.56 2.011 79.05 30.13 56.89

p
1

a
u
a
g
b
t
d
m
i
l
b
h
g

3

b
t
A
1
t
b
m
t
p
t

AZ1  3.326 5.218 1.56 

AZ2  3.328 5.233 1.57 

AZ3  3.324 5.189 1.56 

lane using the formula � = 1/tDS
2 [39] varies randomly from 109 to

010 lines/mm2 for the undoped and doped samples (Table 2).
The increase in c-lattice constant with increasing dopant

mount up to 1.26 at.% indicates that the doping species Al3+ contin-
es to lodge itself in the interstitials. A further increase in doping
mount, 1.56 at.%, leads to shrinkage of the lattice constant sug-
esting a substitutional lodging of the Al dopant. Similar trend has
een observed earlier in the case of Ca doped ZnO films [36] where
he increased c-lattice constant started shrinking for much lower
opant concentration (0.88 at.%) as compared to that of Al. This
ay  be attributed to the larger difference, nearly double, in the

onic radii of Ca2+ and Al3+. Al3+, being much smaller, is likely to
odge itself in interstitial space even for higher dopant amounts,
eyond which substitution of Zn ions becomes inevitable. Even
igher dopant amount may  reduce crystallinity or lead to segre-
ation of host and dopant.

.2. EDX and SEM

The quantification of aluminium in the doped ZnO films is done
y energy dispersive analysis. The EDX spectra (Fig. 4a–d) confirm
he presence of Zn and O as the only species in the undoped sample
Z0. In the doped films, Al concentration is determined to be 0.62,
.26 and 1.56 at.% whereas initially the respective precursor solu-
ions were prepared with 1, 2 and 3 at.% Al doping. Here it should
e mentioned that generally, in cases of wet chemical deposition

ethods, the actual concentration of dopant in the film is less than

hat in the precursor solution [33,40]. The concentration of Al in the
recursor solutions as well as in the sample films has been shown
hrough curves (I) and (II) of Fig. 4. The surface morphology of the
2.011 40.60 25.77 33.64
2.013 38.32 27.90 37.77
2.007 31.04 75.60 120.69

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
20–35 nm.  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 � and the optical
band gap Eg are related by the formula �h	 = (h�−Eg)n where h is
the Planck’s constant and � 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 Eg 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.

F spond
i  with 

3
a
A
E

ig. 6. Transmission spectra for undoped and Al doped thin films. Curves a–d corre
.e.  (�h�)2 vs. photon energy and variation in band gap with Al concentration along

50 nm,  is found to be 3.16(392 nm), 3.22(384 nm), 3.30(375 nm)

nd 3.31 eV (374 nm), respectively. Variation of the band gap with
l dopant concentration x (inset II of Fig. 6), follows the equation
g(x) = 0.108x + 3.153. Thus, a band gap enhancement of 4.74% is
 to samples AZ0, AZ1, AZ2 and AZ3 respectively. Insets (I) and (II) show Tauc’s plot
the linear fit, respectively.

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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locking of some of the lowest states, thereby causing widening
f the band gap resulting in the blue-shift of the absorption tail.
esults from the literature on variation of band gap in Al doped
nO are summarized in Table 3, to facilitate comparison.

In the present study the band gap widening of 0.06, 0.14 and
.15 eV is obtained for 0.62, 1.26 and 1.56 at.% Al doping in ZnO
lms which compares favorably well with some results in litera-
ure as discussed here. Sharma et al. [19] have reported a band gap
idening of 0.07, 0.08 and 0.05 eV for 1, 3 and 5 at.% Al doped ZnO
lms deposited by CVD. The band gap first increases up to 3 at.%
oping and then drops but remains more than that for undoped
ne. This trend had been attributed to the stress in the films which
aries 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
10 wt.% doping), respectively which is much less than the present
esult even when the method of deposition used – magnetron
puttering- was highly sophisticated compared to spray pyrolysis
sed here. Lai et al. [48] have worked for 1 mol%Al doping and vary-

ng film thickness. For 271, 362 and 807 nm thickness the band gap
idening have been reported to be 0.04, 0.07 and 0.08 eV which
ecreases with further increment in thickness, whereas in present
tudy the films are much thinner, in the range of 275–350 nm,  with
early twice the band gap widening at 1.56 at.% doping. Wang et al.
49] reported a band gap widening of 0.02 and 0.04 eV for 1 and

 at.% doping by sol gel method. Davoodi et al. [50] report Eg value
f 3.23 and 3.24 eV for ZnO and AZO dip-coated thin films, respec-
ively and have attributed the widening to the Burstein-Moss effect.
akrela et al. [51] report a band gap increase from 3.20 to 3.27 eV on
oping 4 at.%Al in ZnO thin films prepared by spray pyrolysis. How-
ver, contrasting results, i.e. reductions in band gap have also been
eported. Optical band gap of 8%Al doped ZnO thin film reduces
lightly from 3.29 to 3.27 eV for the films deposited on alkali free
orosilicate glass and p-type silicon substrates using the Ultra-
onic Spray Pyrolysis [41]. Rehman et al. [52] report a decrease in a
and gap from 3.28 eV to 3.05 eV due to doping of 4 mol%Al in the
lms obtained by spray pyrolysis. Thermal annealing of Al doped
nO thin films prepared by radio-frequency magnetron sputter-
ng on quartz substrate has band gap reduction effect as it changes
rom 3.80 eV to 3.59 and 3.77 eV by annealing at 400 ◦C in N2 and
2 + 4%H2, respectively [53]. Electron irradiation [54] of doped film,

 at.% aluminum dopant in ZnO, also led to a decrease in optical
and gap from 2.72 to 2.46 eV as irradiation dose increased from

 to 5 kGy. These thin films were deposited on glass substrates by
pray pyrolysis technique.

There are two competing effects responsible for band gap shifts.
ne is Burstein-Moss effect and the other is band gap narrowing.
he former occurs due to increasing carrier concentration and the
ovement of Fermi level in the conduction band whereas the lat-

er occurs due to merger of the donor level and the conduction
and above a critical carrier concentration termed as Mott density
hich is taken to be 4.5 × 1018 cm3 [55,56]. Also, when the number

f defects is high in ZnO based sample the defect states get more
elocalized and may  overlap with the valence band edge thereby
aising it and leading to band gap reduction [57]. Transition metal
opants (Mn, Co in +2 state, Fe) also increase the band gap of ZnO
hich has been explained on the basis of exchange interaction of

lectrons in conduction and valence band with the d electrons of
he dopants [58–60] and also in terms of sp hybridization [33,61].

In case of PLD, stochiometry is maintained and, therefore dopant
oncentration in the films remains same as that in the starting
aterial. In both the Refs. [16,27] higher band gap enhancements as

ompared to present case are obtained but with a severe limitation

f very small area deposition of PLD technique. The dopant amount
as 4 and 3.3 at% in Refs. [28,45] and the methods used were CVD

nd magnetron sputtering, respectively. Compared to these cases,
n the present study the dopant concentration is much less. Ta
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In all the above reports except films prepared by PLD, the maxi-
um  band gap enhancement obtained is approximately 1.2% which

s much less compared to that presently reported. An enhancement
f 4.74% in the band gap by quite small increment in dopant concen-
ration (0–1.56 at.%) makes the present films, which are prepared by
pray pyrolysis, much attractive for the fabrication of light emitting
evices with a much sought-for benefit of large area fabrication.

.4. Photoluminescence

As mentioned earlier the excitation wavelength is taken to be
25 nm (3.81 eV) [27], an energy much larger than the band gaps
btained in Section 3.3. PL emission spectra of all the samples show
ne peak in UV region and three peaks in the visible region of spec-
rum, Fig. 7. UV emission is of much higher intensity than those
f the other peaks. For all the samples UV emission peak occurs
t ∼389 nm (3.18 eV) whereas the band gaps for these samples are
f 3.16, 3.22, 3.30 and 3.31 eV, respectively and as seen in previ-
us section. Therefore, for undoped ZnO, UV emission appears to
e a band to band transition as the emitted energy is more than
he band-gap whereas for the three doped-ZnO samples the UV
mission peaks are Stokes shifted with respect to the absorption
dge in all the films indicating near band edge (NBE) or excitonic
ransitions. The PL emission near to its band gap is assigned as NBE
mission and that occurring in visible region, in the case of ZnO,
s assigned as defect related emission. It has also been reported by

any authors. It may  be recalled that if the energy of fluorescence
mission is lesser than that of excitation, the emission is known as
tokes shifted. Occurrence of Stokes shift is important for practi-
al applications as it facilitates separation of strong excitation light
rom weak fluorescence using appropriate optics. The three peaks
n the visible region occur at 446, 460 and 485 nm and are defect

elated. Occurrence of UV emission from all the samples reflects
pon the good crystalline quality of the present films grown by
pray pyrolysis. The intensity of the UV emission is found to depend
n the amount of Al doping and increases monotonically with

ig. 7. Photoluminescence spectra of undoped and Al doped thin films. Curves a–d corr
ariation  in intensity of emission Ivis at wavelength 486 nm and the ratio IUV/Ivis with Al c
onics Review 26 (2018) 1–10 7

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),
Iuv/Ivis, 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. In Ref. [62] UV emission is at 380 nm which changes to 377 nm
as dopant concentration increases from 0 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 0 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 (Vo), zinc vacancies (VZn),

interstitial zinc (Zni) sites [46] and antisites [64–66]. Coexistence of
VZn with Zni 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 3.36 eV) using full-potential linear muffin-tin orbital

espond to samples AZ0, AZ1, AZ2 and AZ3, respectively. The insets A and B show
oncentration, respectively.
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Fig. 8. Schematic band diagram of defe

ethod. Zni levels are at 2.90 eV, Zni
+ levels are at 2.75 eV and VZn

re at 0.30 eV above the valance band. Vo, Oi and OZn are at 1.62, 2.28
nd 3.28 eV below the conduction band. VZn

− is at ∼2.69 eV below
he conduction band. These energy levels are shown in Fig. 8 and
ccordingly the blue green luminescence at 486 nm (2.55 eV) occur-
ing in our experiment can be correlated to the electronic transition
rom the donor energy level of Zni to the acceptor level of VZn;
he blue emission at 460 nm (2.69 eV) corresponds to conduction
and – VZn

− transition and the violet emission at 446 nm(2.78 eV)
orresponds to Zni

+ to valence band transition. The presence of Al
romotes oxygen diffusion in ZnO matrix which leads to the sup-
ression of oxygen vacancies related defects [69,70]. Presence of
l3+ also reduces the concentration of Zn2+

i to maintain charge neu-
rality. Besides, method of deposition also plays a role in deciding
he equilibrium of various types of defects and optical and crys-
alline quality of films. Thus, appropriate amount of Al doping in
nO can be used to enhance the intensity and quality of UV emission
s rising concentration of Al dopant in spray deposited ZnO films
uppresses defect emission. The presence of Al interstitials indi-
ated by the increase of lattice constant, in addition to Zn increases
he number of donor levels thereby increasing the defect emis-
ion from sample AZ1 as compared to that from AZ0. Similarly in
ample AZ2 also, having increased dopant amount, the number of
onor levels have increased. In spite of this fact, the defect emis-
ion decreases. Such an effect owes to competing phenomenon of
uenching of the defect fluorescence with increase of Al concen-
ration as they interfere with each other’s sphere of activity. In Ref.
36] quenching set in when the Ca started substitution of Zn which
as indicated by shrinkage of lattice constant. Here in case of Al,

he ionic radii is much smaller and therefore more and more Al3+

an accommodate themselves in interstitial and result in elongated
attice constant. Substitution of Zn predominates at comparatively
igher concentrations. Since more and more Al3+ ions are located

n closed vicinity, quenching sets in leading to diminished defect
mission in spite of large number of donor levels.

On the contrary in earlier investigations the UV emission, which
s an NBE emission, showed blue shift with increase in dopant con-
entration for the sol-gel spin coated films. For Ca doped ZnO, this
eak shifted from 399 to 392 nm as dopant concentration increased

rom 0 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
opant concentration increased from 0 to 3 at% leading to a tun-
els based on photoluminescence data.

ing of UV emission by 0.053 eV [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 1.56 at.% the band gap increases monotonically from 3.16
to 3.31 eV 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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15] T. Reimer, I. Paulowicz, R. Röder, S. Kaps, O. Lupan, S. Chemnitz, W.  Benecke, C.
Ronning, R. Adelung, Y.K. Mishra, Single step integration of ZnO Nano- and
microneedles in Si trenches by novel flame transport approach: whispering
gallery modes and photocatalytic properties, ACS Appl. Mater. Interfaces 6
(2014) 7806–7815.

16] R.K. Shukla, A. Srivastava, A. Srivastava, K.C. Dubey, Growth of transparent
conducting nanocrystalline Al doped ZnO thin films by pulsed laser
deposition, J. Cryst. Growth 294 (2006) 427–431.

17] A. Sarkar, S. Ghosh, S. Chaudhuri, A.K. Pal, Studies on electron transport
properties and the burstein-moss shift in indium-doped ZnO films, Thin Solid
Films 204 (1991) 255–264.

18] V. Bhosle, A. Tiwari, J. Narayan, Electrical properties of transparent and
conducting Ga doped ZnO, J. Appl. Phys. 100 (2006) 033713.

19] B.K. Sharma, N. Khare, Stress-dependent band gap shift and quenching of
defects in Al-doped ZnO films, J. Phys. D: Appl. Phys. 43 (2010) 465402.

20] J.H. Lee, B.O. Park, Transparent conducting ZnO:Al, In and Sn thin films
deposited by the sol-gel method, Thin Solid Films 426 (2003) 94–99.

21] M.  Ohyama, H. Kozuka, T. Yoko, Sol-gel preparation of transparent and
conductive aluminum-doped zinc oxide films with highly preferential crystal
orientation, J. Am.  Ceram. Soc. 81 (1998) 1622–1632.

22] Y. Yamamoto, K. Saito, K. Takakashi, M.  Konagai, Preparation of boron-doped
ZnO thin films by photo-atomic layer deposition, Sol. Energy Mater. Sol. Cells
65  (2001) 125–132.

23] A. Sanchez-Juarez, A. Tiburcio-Silver, A. Oritz, E.P. Zironi, J. Rickards, Electrical
and optical properties of fluorine-doped ZnO thin Films prepared by spray
pyrolysis, Thin Solid Films 333 (1998) 196–202.

24] Y. Natsume, H. Sakata, Electrical and optical properties of zinc oxide films
post-annealed in H2 after fabrication by sol-gel process, Mater. Chem. Phys.
78 (2002) 170–176.

25] Z. Zhan, J. Zhang, Q. Zheng, D. Pan, J. Huang, F. Huang, Z. Lin, Strategy for
preparing Al-doped ZnO thin film with high mobility and high stability, Cryst.
Growth Des. 11 (2011) 21–25.

26] D. Mishra, A. Srivastava, A. Srivastava, R.K. Shukla, Bead structured
nanocrystalline ZnO thin films: synthesis and LPG sensing properties, Appl.

Surf. Sci. 255 (2008) 2947–2950.

27] A.K. Das, P. Misra, A. Bose, S.C. Joshi, R. Kumar, T.K. Sharma, L.M. Kukreja,
Structural, electrical and optical characteristics of Al doped ZnO films grown
by  sequential pulsed laser deposition, Phys. Express 3 (2013) 15.

[

onics Review 26 (2018) 1–10 9

28] J.G. Lu, S. Fujita, T. Kawaharamura, H. Nishinaka, Y. Kamada, T. Ohshima, Z.Z.
Ye,  Y.J. Zeng, Y.Z. Zhang, L.P. Zhu, H.P. He, B.H. Zhao, Carrier concentration
dependence of band gap shift in n—type ZnO:Al films, J. Appl. Phys. 101
(2007) 083705.

29] K.P. Misra, R.K. Shukla, A. Srivastava, A. Srivastava, Blueshift in optical band
gap in nanocrystalline Zn1-xCaxO films deposited by sol-gel method, Appl.
Phys. Lett. 95 (2009) 031901.

30] A.K. Das, P. Misra, L.M. Kukreja, Effect of Si doping on electrical and optical
properties of ZnO thin films grown by sequential pulsed laser deposition, J.
Phys. D: Appl. Phys. 42 (2009) 165405.

31] H.K. Yadav, V. Gupta, A comparative study of ultraviolet photoconductivity
relaxation in zinc oxide (ZnO) thin films deposited by different techniques, J.
Appl. Phys. 111 (2012) 102809.

32] K.-Y. Wu,  C.-C. Wang, D.-H. Chen, Preparation and conductivity enhancement
of Al-doped zinc oxide thin films containing trace Ag nanoparticles by the
sol-gel process, Nanotechnology 18 (2007) 305604.

33] A. Srivastava, N. Kumar, S. Khare, Enhancement in UV emission and band gap
by  Fe doping in ZnO thin films, Opto-Electron. Rev. 22 (2014) 68–76.

34] Y.W. Li, J.L. Sun, X.J. Meng, J.H. Chu, W.F. Zhang, Structural and optical
properties of Ba(Cox, Ti1-x)O3 thin films fabricated by sol-gel process, Appl.
Phys. Lett. 85 (2004) 1964–1966.

35] F.W. Jones, The measurement of particle size by the X-ray method, Proc. R.
Soc. London 66 (1938) 16–43.

36] A. Srivastava, N. Kumar, K.P. Misra, S. Khare, Blue-light luminescence
enhancement and increased band gap from calcium-doped zinc oxide
nanoparticle films, Mater. Sci. Semicond. Process. 26 (2014) 259–266.

37] G.K. Williamson, W.H. Hall, X-ray line broadening from filed aluminium and
wolfram, Acta Metall. 1 (1953) 22–31.
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