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The preparation, structural characterization and optical properties of aluminum doped ZnO (Al:ZnO)
nanostructures grown under hydrothermal method are reported. One-dimensional (1-D) growth is
achieved by the controlled addition of metal nitrate as precursors in the presence of long chain surfactant,
poly-ethylene glycol (PEG) at 160 °C for 20 h. The as-synthesized ZnO rods are single crystalline, exhibiting
an oriented growth along [001] direction. The Al6 rod has an aspect ratio of 3.2, which can be effectively
applied in optoelectronic devices. Comprehensive structural analysis using X-ray diffraction method
(XRD) and Energy dispersive X-ray analysis (EDX) indicate that the dopant Al atom occupies Zn sites in
ZnO and the elemental composition of Al is consistent with the amount utilized in the hydrothermal syn-
thesis. XRD shows that the Al:ZnO nanostructures from 1 to 9 atomic percent (at.%) has hexagonal wurtzite
structure of ZnO. The Al dopant effects on lattice vibration and electronic transitions of the ZnO nanos-
tructures have been investigated by Fourier transform Infrared spectroscopy (FT-IR), Ultraviolet-visible
(UV-vis) absorption spectroscopy and photoluminescence (PL) emission recorded at room temperature.
The correlation existing between absorption and emission study tell that their characteristic band edge
peak of doped ZnO shifts towards higher wavelength side for 3-9 at.% with respect to AlO thus, exhibiting
a red shift phenomenon with decrease in optical bandgap. The observed PL reveals two emission peaks
centered at 374 nm and 530 nm. The near band edge (NBE) to defect emission ratio increases with dopant
concentration indicating the linear enhancement in crystal quality and declination in zinc vacancies from
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1. Introduction

ZnO is II-VI inorganic compound semiconductor, exhibiting a
wurtzite structure with hexagonal unit cell (P63mc) [1-3]. The
current theoretical and experimental work in the nano-field is
much concerned in reporting a material with enhanced proper-
ties. To achieve such material compound significant conditions
are adopted and analyzed thoroughly from the initial synthesis
stage to device fabrication. The characteristic feature which dec-
orates the nanocrystalline field or which lay a boundary between
the discrete and continuum crystalline compound is the quantum
confinement (QC) [4]. The QC plays a critical role in deciding the
material properties and thereby exhibits an extraordinary perfor-
mance. The performance is further enriched and manipulated by
several factors such as establishing appropriate growth technique,
having a control on the synthesis condition, tuning the distribu-
tion and concentration of atom, selective incorporation of foreign
atoms and many more. Among them, the widely accepted method
to modify the electrical and optical properties of a semiconductor
is the addition of impurity atoms or doping [5-7].
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The crystal structure and optical properties of ZnO are more
similar to that of GaN [8]. ZnO is n-type semiconductor with wide
bandgap of 3.37 eV and large exciton binding energy of 60 meV at
room temperature, makes it a potential candidate for technological
applications in photo detectors, LED’s and laser diodes [9,10]. The
introduction of dopant atom into the ZnO lattice sites can signifi-
cantly influence the optical, electrical and magnetic properties, as
they affect the electronic band structures and optoelectronic prop-
erties [11-13]. Few transition metal ions doped ZnO nanocrystals
are cited for reference. ZnO has been doped with Mn or rare earth
elements [14,15] in order to change their luminescence proper-
ties. The electrical and optical properties of ZnO are enhanced by
doping with group III, IV, and V elements (e.g. Li, Ga, In, Sn, Sb, N,
and P) [16-20]. Spintronic devices such as magnetic-optic switches,
magnetic sensors, spin valve transistors, spin light emitting diodes
can be activated by implanting ferromagnetic Mn, Ni, Co and Cr
in ZnO nanorods [21-24]. Aluminum doping induces superior con-
ducting properties based on vacancies. As a result, Al-doped ZnO
has been considered as transparent conducting oxides (TCO) and
piezoelectric (PZT) materials for fabricating solar cells, electrodes,
high electron mobility transducers and gas sensors [25-30]. The
enriched conductivity in Al-doped ZnO is regarded as an alternative
candidate for indium tin oxide (ITO) materials. The solution-route
assisted rapid thermal annealing (RTA) process referred in paper
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[31,32] reports the fabrication of 1-D, 2-D and 3-D nanoarchitec-
tures without the use of template and seed nuclei and its influence
in enhancing the optical properties.

In this paper, the structure, absorption and emission study of
Al:ZnO grown under hydrothermal method with different concen-
trations of Al have been evaluated. Al behaves as a donor and
modifies the luminescence emission in ZnO by creating localized
impurity level. Usually, the substitution of impurity atom into the
host lattice is hindered by an increase in surface energy and lattice
distortion. In consideration of high energetic potential, a suitable
chemical synthesis method with optimized parameters is required
to incorporate the dopant atoms into the host lattice. Here, we uti-
lized a hydrothermal growth performed at 160 °C for 20 h towards
the synthesis of Al:ZnO. The doping level is adjusted during the syn-
thesis and a high doping concentration up to 15 at.% is achieved and
characterized systematically. The correlation between absorption
and emission study of Al:ZnO illustrates a significant implementa-
tion in optoelectronic devices.

2. Experimental procedure
2.1. Materials and method

The ZnO nanostructures are prepared through hydrolysis of zinc nitrate hexahy-
drate and for Al:ZnO, aluminum nitrate nonahydrate are used as dopant precursor.
Zn(NOs ),-6H,0, Al(NO3)3-9H, 0, PEG with 98% purity are utilized as received con-
dition. Throughout the synthesis the double distilled water is used for aqueous
solution preparation.

Here, a solution mixture of 0.1 M host precursor Zn(NOs ), and dopant precursor
AI(NOs3)3 in appropriate atomic percent is used to synthesize pure and doped ZnO.
A surfactant solution of 0.1 mM PEG is prepared and dissolved into the precursor
solution. After stirring for 60 min, ammonia solution is added drop-wise until the
pH attains 7-8. The obtained white precipitate is allowed to settle and 80 ml of the
solution mixture is transferred into teflon lined stainless steel autoclave of 100 ml
capacity and heated at 160°C for 20 h to incorporate the dopant ion. The resulting
white precipitate is centrifuged with ethanol and distilled water repeatedly. Finally,
the precipitate is dried at room temperature and collected for various characteriza-
tions. The influence of dopant on the structure, morphology and optical properties
of ZnO is recognized by varying the dopant concentration from O to 15 at.%. The as-
synthesized Zn;_,Al,O sample products are designated as ALX where, X is the dopant
concentration numbered as 0, 1, 3, 6,9 and 15 in at.%.

2.2. Characterization tools

The as-grown sample materials (Zn;_,AlcO) are structurally characterized and
analyzed by scanning electron microscopy (SEM) equipped with EDX, transmission
electron microscopy (TEM), high resolution TEM (HRTEM) and powder XRD. The sur-
face morphology, the chemical composition and dopant concentration are examined
using Hitachi S4800 FESEM integrated with EDX. For TEM and electron diffraction
analysis, Jeol JEM FX 11 2000 operating at 200 kV is used to examine the morphology
of the pure and doped ZnO. XRD spectra are recorded using Ultima IIl Rigaku pow-
der X-ray diffractometer with Cu Kg; source (A =1.5406 A) in §-26 configuration. In
X-ray analysis the loose sample powder is leveled in the sample holder to ensure a
smooth surface and mounted on a fixed horizontal sample plane. The optical prop-
erties including optical absorbance and emission of pure and Al:ZnO are measured
using spectrometer. Room temperature optical spectra in the UV and visible light
wavelength ranges are recorded using Shimadzu UV-1700 Pharma spectrophotome-
ter. In the UV-vis absorption measurement Zn;_,Al,O precipitate is dispersed and
the spectrophotometer measures the absorbance, relative to the standard powder
of BaSO4. The emission spectra are recorded in Shimadzu (RF-5301 PC) spectrofluo-
rophotometer under an excitation wavelength of 230 nm using 150 W Xenon lamp.
FT-IR spectra of Al0 and Al6 mixed with the white standard KBr pellet are recorded
using Perkin-Elmer FT-IR spectrometer in the range of 4000-400 cm~'.

3. Results and discussion
3.1. Micrograph analysis

The FESEM studies depicted in Fig. 1a-d indicate that the mor-
phology of hydrothermally grown ZnO and Al:ZnO are rod shaped.
Fig. 1a and b shows the FESEM images of ZnO nanorods derived
from Zn(NO3 ), precursor. Particles are found as agglomerates and
bundles of ZnO nanoparticles are observed. Here, four to six short
ZnO nanorods are grouped to form a single bundle. The bundle

comprises of ZnO nanorods with varying length and diameter thus,
showing uneven and wide size distribution. Few rods are found
to be separated and oriented randomly. The end of the rod is
hexagonal in shape. The formation of nano-bundles with short rods
indicates that the nucleation is rapid while, the particle growth is
highly inhibited. Because of this the crystallite size of AlO is compar-
atively smaller than Al6. No definite size and shape of the particles
can be described from SEM micrographs as they are highly aggre-
gated. The morphology of hydrothermally grown Al6 is displayed
in Fig. 1c and d. From the high magnified FESEM image (Fig. 1d),
one can observe that the Al6 is rod shaped with homogeneous
diameter over the entire particle. The typical length of the rod is
in micron scale ranging from 1 to 2 um and the diameter is about
900 nm. Apart from rods, particles of varying size are also found in
the micrograph and this predicts an incomplete or heterogeneous
nucleation of the particle. The micrograph result is consistent with
the earlier reported paper [33].

The elemental composition of the as-synthesized AlO and Al6
are carried out using EDX integrated with SEM instrument as pre-
dicted in Fig. 1e and f. From EDX measurements, the presence of
Zn, O and Al and their compositions are determined. The percent-
age calculation of Al in Al6 is consistent with the percentage of
dopant atom taken during the sample preparation. Thus, EDX mea-
surements confirm that the Al dopant is substituted for Zn and
its composition is 1.04 at.% of total metal elements in Al6. Zn, Al
and O are not in stoichiometric (Zng 95Alg050) and Zn is found to
be in excess. The other signals originate from the carbon coated
grid. In mechanism, the substitution of AI3* ions for Zn?* in ZnO
lattice results in one extra electron thus; it produces n-type impu-
rity. However, in order to maintain charge neutrality the intrinsic
defects are produced simultaneously. For example substitution of
two AI?* ions replaces two Zn?* ions and creates one zinc vacancy
as a consequence of stoichiometric. This outcome is also evident
from the Zn/O ratio measurement from EDX. For AlO, the Zn/O ratio
is 1.45 whereas in Al6, the ratio is 0.83 due to the creation of excess
zinc vacancies.

The TEM and SAED pattern provide a detailed study on the
microstructure and growth direction of ZnO nanostructures. TEM
micrographs of as-prepared AlO and Al6 are shown in Fig. 2a and b
and their corresponding SAED pattern are shown as an inset. Fig. 2a
is the TEM micrographs of ZnO consisting of highly short and irregu-
lar nanorods of varying length and diameter. As the particle growth
is highly inhibited, the surface to volume ratio is increased with
increase in surface activation energy thereby, bringing the parti-
cle closer and binding them together to form a bundle of indefinite
shape and size as seen from their SEM images in Fig. 1a and b.
The TEM also confirms that the end of Al0 nanorods is hexagonal
in nature and their aspect ratio is 2.30. The SAED pattern indicates
that the ZnO nanostructure is single crystalline with preferred [001]
growth direction. Fig. 2b is the TEM micrograph of Al6 comprising
of single rod in micron range. The diameter of the rod is about 90 nm
and this value is inconsistent with the one obtained from SEM
micrograph (Fig. 1c and d). As the low magnified SEM micrographs
shown in Fig. 1c comprises of both rods of varying size and particle,
the region focused in TEM image may be particle consisting of rods
with low diameter. The SAED pattern of Al6 nanostructure displays
a distributed dotted pattern, assigning to crystalline nature.

3.2. Phase confirmation

The phase purity and crystal structure of the pure and doped ZnO
nanostructures have been analyzed by XRD and Fig. 3a shows the
XRD pattern of pure and Al:ZnO grown by hydrothermal method.
As we can see, the samples with dopant concentration <9 at.% crys-
tallizes in single phase and can be indexed to hexagonal wurtzite
type ZnO (JCPDS ID: 36-1451). But, with higher doping concentra-
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Fig. 1. FESEM micrographs of hydrothermally grown (a-b) pure (Al0), (c-d) doped ZnO (Al6), and (e-f) EDX spectra of AlO and Al6 respectively.
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Fig. 3. (a) XRD powder diffraction pattern of Zn;_,Al,O (x=0, 1, 3, 6, 9, and 15 at.%) nanostructures, (b) JCPDS data file of Al,03, and (c) Changes in the (101) peak position

with Al concentration.

tion (>9at.%) the crystallinity decreases and impurity secondary
phase peak corresponding to Al,03 and hydroxyl group of Zn-0O
are observed at 20 =23° and 20 =39° (marked as e, * in Fig. 3a). For
better comparison and to represent the phase purity of the sam-
ple, standard JCPDS database of Al,0s is included in Fig. 3b. The
symbol # is used to denote the sample holder peak at 20 =44°. The
strongest diffraction peak near 34° is from the ZnO (101) plane.
Several other peaks corresponding to (100), (002), (102), (110),
and (103) planes of ZnO are also present. It indicates that the rod
formed in Al:ZnO are single crystalline with different orientations.
Moreover, the variation in intensity (not included in figure) of (101)
peak concludes that the degree of crystallinity is changed due to the
incorporation of Al atom. The substitution of dopant Al atom into
the host lattice ZnO is confirmed from the angle shift §(20) for the
strongest peak of ZnO (101) reflection as a function of the doping
concentration in at.% is illustrated in Fig. 3c. §(20) shifts to lower
angle as x% increases from 0 to 1 at.%, but monotonically and signif-
icantly shifts to higher angle up to 15 at.%. The shift in peak position
towards the higher angle clearly demonstrates the effective substi-
tution of AI3* for Zn2* ions and is in concurrent with Vegard’s law.
Further, the confirmation is made from the measurement of lattice
parameters ‘a’ and ‘c’. The decrease in lattice parameters can be
accounted to the substitution of smaller AI3* (0.535A) in place of
Zn2* (0.74A) in tetrahedral coordination of ZnO wurtzite structure
[34]. However the peak intensity varies with doping concentrations
indicating the lattice distortion and the crystalline quality due to
the introduction of dopant atoms. The average crystallite size is
calculated from the XRD pattern using the well known Scherrer for-
mula [35] (Eq. (1)) with the integral widths corrected with standard
Si sample (Eq. (2)) using Cauchy-Lorentzian fit. For crystalline size
analysis, the high intense (101) reflection of the hexagonal phase
ZnO is employed.

0.9
~ PBuia cos 0

(1)

where, R is the average crystallite size, A is the Cu K7 radiation of
wavelength 1.5406 A, By is the instrumental corrected full width
at half maximum in radians and 6 the scattering angle in degree.
The corrected instrumental broadening for Lorentzian fit is given by

,Bhkl = ﬁmeasured - lginstrumental (2)

It is found that the crystallite size initially decreases to 43 nm
for Al1 and AlI3 samples in comparison to AlO (44 nm) sample. Later
with increase in Al concentrations the crystallite size increases and
reaches its maximum at 57 nm for Al9 sample and then decreases.
Fig. 4a and b portrays the error graph in lattice parameters, crys-
tallite size, and peak shift as a function of dopant concentration.

3.3. Strain analysis

A mathematical expression relating the crystallite size and
strain induced broadening is proposed by Williamson and Hall.
According to the expression, the peak width as a function of diffrac-
tion angle 26 is considered for analyzing X-ray peak broadening
[36,37]. The relation is defined as

B cos 6= (%) +(2¢ sin 6) (3)

where, C is a shape factor taken as 0.9 and ¢ is the strain induced
on the particle. A plot shown in Fig. 4c is drawn with sinf/A along
x-axis and By, cos 0/A along y-axis for diffraction peak lying in the
range of 20°-60°. From the linear fit to the data, the average crys-
tallite size and strain of Zn;_,Al,O are extracted from the inverse
of the intercept at the y-axis and slope respectively. A trend line
is drawn to illustrate the deviation of the data points from the lin-
ear fit. This deviation reveals the anisotropic nature of the crystal
and wide size distribution. The average crystallite size and strain
estimated from the Scherrer formula and W-H plot are compared
and tabulated in Table 1. From the table, one can reveal that the



N.R. Yogamalar, A. Chandra Bose / Journal of Alloys and Compounds 509 (2011) 8493-8500 8497
a) ] b [ 2 TP
3.2501 —w=—a parameter |5 004 (b) as | 4— Crystallite size | 36.34
3240 | —*— ¢ parameter | == p 43633
i 45202~ 54} 1
=, ! B E |:|/ 36329
g 3.2487 ls2008 =5l ]
pil L - g a2 B - 36.31 @
£ 3.2480 e 0 T [ 1 =
@ [ 151983 o 50 fo / 36307
- | ; o
S 3.2473 3 151068 S 4 _\ / / 436208
S 3206 ~ O 136282
B | i 1% Csf e 17
\- Nt 3 -1 s
3.2450 | &3 y - wh / / 13627
I & \f
3.2452 | Ny [N . 13626
T T T T T 7 —— 5.190 | S B J A L BN NN R N
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Dopant Concentration (at. %) Dopant Concnetration (at. %)
(c) 0.0030
—m— Al0
—u— A1 i W
0.0027{ -—=—AI3 n
—mu— Al6 .
cooz] TAY "
°<,0.00241 4 AM5 1
< S
~ .__{___———‘.
2 0.00214 /
<o
0.00181 T
0.00154 i

09

10 11 12

4sine/AA")

Fig. 4. (a) Variation in the lattice parameters ‘a’ and ‘c’; (b) the shift in peak position 1(2) and the crystallite size variation; and (c) W-H plot of wurtzite hexagonal phase ZnO

as a function of dopant concentration.

Table 1

Geometric parameters of pure and Al:ZnO nanostructures.
Samples Scherrer relation W-H plot Lattice parameters Volume

Crystallite size R (nm) Crystallite size R (nm) Strain & (no unit) ‘@ (A) ‘ (A) (A3)

AlO 44 126 0.00160 3.2493 5.2050 47.592
All 43 143 0.00172 3.2502 5.2051 47.619
Al3 43 107 0.00160 3.248 5.2021 47.528
Al6 47 132 0.00167 3.2476 5.1962 47.461
Al9 57 134 0.00117 3.2470 5.1943 47.427
Al15 50 82 0.00119 3.2452 5.1903 47.337

average crystallite size estimated from Scherrer relation and W-H
plot are dissimilar. The vast difference in crystallite size calculation
is mainly attributed to the inclusion of strain in the as-synthesized
sample and their estimated strain values are reasonable. Thus, W-H
plot serves as an additional tool to evaluate and deconvolute the
crystallite size and strain induced broadening. The strain due to
lattice dislocation is associated with defect emission observed in
PL (discussed in Section 3.5).

3.4. Absorption study

In optical absorption, electrons are excited from the valence
band to the conduction band. The changes in absorption spectra
for ZnO doped with various concentration of Al are characterized
by means of UV-vis absorption spectroscopy. Fig. 5a displays the
UV-vis absorption spectra of pure and Al:ZnO nanostructures mea-
sured at room temperature. In Fig. 5a as the ZnO nanostructures are

doped with Al, the absorption curve of the UV-vis absorption spec-
tra shifts to higher wavelength side for 3-9 at.% with reference to
AlOQ. The inset of Fig. 5a shows the plot for estimating the onset of
absorption of Al3. Extrapolating the linear portion and knee portion,
the onset of absorption is determined from their point of intersec-
tion. The UV peaks of AlO, Al1, Al3, Al6, Al9, and Al15 are located
at 394 nm, 387 nm, 395 nm, 397 nm, 407 nm, and 400 nm, respec-
tively. The red shift of 20nm (407-387 nm) for 3-9at.% Al:ZnO
nanostructures indicate a reduction of ZnO bandgap caused by the
Al doping. The onset of absorption increases with Al concentration
(3-9at.%) in the ZnO nanostructures, as illustrated in Fig. 5¢. It gives
a direct evidence for the narrowing of optical bandgap.

The relation between the absorption coefficient & and the inci-
dent photon energy hv can be written as

ahv = (A(hv) — Eg)" (4)
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Fig. 5. (a) UV absorption spectra of Zn; _4Al,O (x=0, 1, 3, 6,9, and 15 at.%) and the inset shows the point of intersection measured for Al3, (b) Tauc plot relation and the inset
show the bandgap estimation for Al3, and (c) change in onset of absorption and optical bandgap energy as a function of Al percent.

where E; is the optical bandgap, A is the constant, and the exponent
n depends on the type of transition [38]. The n=1/2 for allowed
direct transition, 2 for allowed in-direct transition, 3/2 and 3 for
forbidden direct and forbidden indirect transitions respectively.
Considering direct band transition in ZnO, a plot between (achv)?
versus photon energy hv is drawn for various Al dopant concentra-
tions as shown in Fig. 5b and their inset shows the method adopted
to estimate the bandgap value of Al3. From the point of intersection,
the direct bandgap is found to be 3.23 eV, 3.26eV, 3.19eV, 3.18 eV,
3.15eV, and 3.18 eV for AlOQ, Al1, Al3, Al6, Al9 and Al15 respectively
as estimated from Fig. 5c. The narrowing of the bandgap in heav-
ily doped semiconductor can be reasoned out by many factors. The
prime contributions are increase in crystallite size, impurity band
formation, band-band transition due to various defects, bandgap
bowing effect, and many more [39]. In our experimental work, the
bandgap narrowing observed in Al:ZnO (3-9at.%) is purely sub-
jected to variation in crystallite size due to Al incorporation. Thus,
a red shift phenomenon is exhibited, where the Al doping results
in decrease in optical bandgap deviating from the Burstein-Moss
shift [40,41]. The estimated bandgap values are close to that of bulk
ZnO. This gives a conclusion that there is no indication of quantum
size confinement. The bandgap of Al:ZnO nanostructures shows a
non-monotonic dependence on the Al concentration, as depicted
in Fig. 5c. The bandgap increases initially for Al1 sample in contrast
to AlO as their crystallite size is smaller than AlO. Then the bandgap

value reaches a minimum value at 9 at.% of Al, and then increases.
Thus, the observation of non-monotonic behavior in the bandgap of
aZnO nanocrystal as a function of the Al content strongly supports
that Al is indeed localized into the host lattice of ZnO.

3.5. Emission study

The emission spectra recorded at room temperature are shown
in Fig. 6a for various concentrations of Al:ZnO nanostructures
excited at 230 nm. The PL spectra of doped ZnO is composed of two
emission peak, including a strong NBE emission centered at 373 nm
(3.33eV) in the UV region and a weak green emission centered at
530nm (2.34 eV)inthe visible region as illustrated in Fig. 6a. The UV
peak corresponds to the radiative recombination of free excitons of
ZnO and the green peak is related to the radiative recombination
of a photo-generated hole with an electron occupying the doubly
ionized zinc vacancy [42-44].The green luminescence from the sur-
face defect sites with a maximum around 530 nm is observed only
for the doped samples and this is attributed to the introduction
of defects with dopant incorporation [45]. The dominance of green
emission in doped ZnO compared to that of pure ZnO is due to large
charge density of AI3*. This will give rise to more surface defects
such as zinc vacancies and hence, enhance the green luminescence.
The ratio of the emission intensity calculated between the NBE
emission and defect emission is displayed as an inset in Fig. 6a. It is
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ratio between NBE and defect emission, (b) graph to show the relation existing between lattice strain and zinc vacancy concentration and (c) Schematic illustration of the

luminescence emission associated with doped ZnO.

related to the degree of crystallinity and the density of zinc vacan-
cies. In Al1, the defect emission is highly pronounced and hence
they exhibit lower crystallinity in contrast to AlO. From the figure it
is very obvious that there is an asymmetric variation in zinc vacancy
with increase in dopant concentrations. The variation in NBE/defect
emission (inset of Fig. 6a) exhibits a similar trend, as observed in
the crystallite size variation and onset of UV absorption, predicted
in Figs. 4b and 5c¢, respectively. Fig. 6b shows the variation in lattice
strain and zinc vacancies as a function of dopant concentration. The
figure clearly demonstrates that the origin of surface defects is due
to the lattice dislocation as dopant atoms are introduced into the
host lattice sites. Thus, the electronic transitions, the density of zinc
vacancies, surface defects and their relation with structure property
are remarkably decided by PL study. The schematic representa-
tion of various emissions associated with Al:ZnO nanoparticles is
shown in Fig. 6¢. Here, the electrons get trapped in the defect state
established by zinc vacancy in the forbidden region and relaxes by

Table 2
Optical measurements of Zn;_Al,O (x=0, 1, 3, 6,9 and 15 at.%) nanostructures.

radiation emission in the green visible region. The overall observa-
tions and measurements from UV-vis absorbance and PL spectrum
are summarized in Table 2.

3.6. IR transmission spectra

The transmission peaks recorded in an IR spectrum, serves as
a fingerprint of a sample [39]. Each peak corresponds to the fre-
quency of vibrations between the bonds of the atom making up the
material. In addition, the broadening of the peaks in the spectrum
is a direct indication of the size and crystallinity of the mate-
rial compound. The formation of Al:ZnO powders and metal-oxide
interaction are well identified from FT-IR study. Fig. 7 shows the
FT-IR transmission spectra of Al0 and Al6 samples. The first and
sharp intense peak at 430 cm~! can be assigned to the stretching
mode of Zn-0 [46]. When the dopant atoms are introduced, the
vibration mode shifts towards the higher wavenumber side and is

Samples UV absorption spectra Luminescence spectra
Onset of absorption (nm) Optical bandgap energy (eV) NBE emission (counts) Zinc vacancy (counts) W-H strain (no unit)

Alo 394 3.23 0.21402 0.02648 0.00160
All 387 3.26 0.13301 0.03743 0.00172
Al3 395 3.19 0.16041 0.01992 0.00160
Al6 397 3.18 0.25626 0.02395 0.00167
Al9 407 3.15 0.26771 0.01834 0.00117
Al15 400 3.18 0.16657 0.01872 0.00119
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Fig. 7. FT-IR transmission spectra of pure ZnO and Al6 nanostructures.

located at 487 cm~!. Moreover, the intensity of the vibration mode
remains the same with the inclusion of Al atom. The broadening
of the peak exhibited by AlO and Al6 samples are almost similar,
indicating both are crystalline with comparable crystallite size as
shown in Table 1. A sharp distinct peak appears at 670cm~! for
Al6 sample and it is assigned as a fingerprint for Al-O. The -CH-
stretching band belonging to the PEG block appear between 2300
and 2830 cm~! [47]. The transmittance at 1400 cm~! is assigned to
the deformation of NH. The broad absorption in the frequency band
3000-3750 cm~! are assigned to O-H stretching from residual alco-
hols, water and Zn-OH bonds. The sharp absorption at 1600 cm~!
in the higher frequency range is associated with the deformation
vibration of H-O-H bonds of the physisorbed water. The shift in
IR transmission spectrum of Al0 sample in contrast to Al6 sample
is mainly ascribed to the crystal perturbation introduced by the
dopant atom into the lattice sites.

4. Conclusions

In summary, the controlled doping has an extensive implica-
tions and effects on the crystalline and electronic structures of
ZnO. Single crystalline Al:ZnO rods in micron scale is synthesized
through simple hydrothermal method in the presence of PEG. The
structural investigation with XRD and EDX proves the substitu-
tion of Al ions into the wurtzite Zn lattice sites. The difference in
Zn/0 ratio existing between AlO and Al6 reveals the creation of zinc
vacancy with dopant incorporation. It is worth to highlighting that
the UV absorption is red shifted for 3-9 at.% Al:ZnO nanostructures,
deviating from the usual bandgap widening explained on the basis
of Burstein—Moss shift. The substitution of dopant atom into the Zn
sites clearly demonstrates that the crystallinity is improved due to
the reduction of surface defects and lattice distortions as evidenced
from PL and XRD results. Thus, from the results of absorption and
emission study, we suggest that the bandgap as well as the elec-
tronic transition properties of ZnO can be modified with controlled
doping of Al.
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