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Investigation on room temperature photoluminescence
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Pure and aluminum doped zinc oxide nanoparticles were prepared by soft chemical method. The prepared nanoparticles
were characterized by XRD, SEM-EDAX, UV-Vis, PL and FT-IR studies. XRD patterns revealed that the nanoparticles were
crystallized in hexagonal wurtzite structure with an average particle size of 19 nm to 26 nm. The surface morphology was
explored using SEM micrographs. The incorporation of aluminum was confirmed by EDAX and FT-IR studies. The band
gaps of the particles were found from 3.48 eV to 3.53 eV through UV-Vis spectral studies. The defect related mechanism
was investigated using PL. measurements. The chemical functional groups in FT-IR spectra proved the formation of pure and

aluminum doped zinc oxide nanoparticles.
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1. Introduction

The unique properties of nanomaterials have
motivated researchers to investigate their technical
applications. Semiconductor nanomaterials are ex-
cellent multifunctional materials. Zinc oxide has a
wide band gap of 3.3 eV and large exciton bind-
ing energy of 60 meV [1]. Zinc oxide nanoparti-
cles have outstanding properties, such as high in-
frared reflectivity, electrochemical stability, supe-
rior transparency in visible region and good elec-
tronic properties [2]. Zinc oxide is a I — IV n-type
multifunctional metal oxide semiconductor due to
native oxygen doping. The electrical conductivity
of zinc oxide nanoparticles can be enhanced by the
addition of dopants [3]. Zinc oxide nanoparticle is
commonly doped with elements, such as Al [4, 5],
Sn [6], Mn [7], Ni[8], Co [9] and Cu [10]. Zinc ox-
ide nanomaterials are used in such applications as
solar cells [11], LPG sensors [12], and antibacterial
effects [13]. Aluminum doped zinc oxide nanopar-
ticles have a wide range of applications in many ar-
eas, such as fiber optic sensor [14], gas sensor [15].
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Zinc oxide nanoparticles have been prepared by
different methods, such as spray pyrolysis [16], hy-
drothermal [17], sol-gel [18], co-precipitation [19]
and electrochemical method [20].

The present work aimed to investigate the room
temperature photoluminescence properties of pure
and aluminum doped zinc oxide nanoparticles syn-
thesized by soft chemical method. The prepared
nanoparticles were examined by X-ray diffraction,
scanning electron microscopy, energy dispersive
X-ray spectroscopy, UV-Vis spectrometry, photo-
luminescence measurements and Fourier transform
infrared spectroscopy.

2. Experimental

2.1. Synthesis

Zinc nitrate hexahydrate (Zn(NOj),-6H,0),
aluminum nitrate nonahydrate (A1(NOs3)3-9H,0)
and sodium hydroxide (NaOH) obtained from
Merck Chemicals were used without further purifi-
cation in this method. Zinc nitrate hexahydrate and
aluminum nitrate nonahydrate were used as host
and dopant precursors.
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2.1.1. Soft chemical method

The precursor solution was allowed for
24 hours reaction time at room temperature. The
resulting precipitate was purified with deionized
water several times and it was dried in air for
3 hours for the preparation of nanoparticles. The
growth temperatures were chosen as 80 °C and
120 °C for sample ‘a’ and ‘b’, respectively. The
aluminum concentration was 1 at.% and 3 at.% for
the samples ‘c’ and ‘d’, and the growth temperature
was chosen as 120 °C.

2.1.2. Reaction mechanism
The nanoparticles were prepared using the fol-
lowing reaction mechanism.

(Zn(NO;),) +2NaOH —

Zn(OH),(s) +2NaNOs(aq) (1)

Zn(OH), — Zn*" +20H" ()
Zn*t +20H" — ZnO + H,0 (3)

The zinc hydroxide was heat treated for the for-
mation of nanoparticles. The aluminum doped zinc
hydroxide was formed by incorporation of AI** in
the Zn>* site of zinc oxide lattice using aluminum
nitrate nonahydrate as the dopant source material.
The incorporation of AT in the Zn>* site of zinc
oxide lattice provides an extra free electron. It is
possible to enhance the particle size, morphology
and chemical properties of zinc oxide nanoparti-
cles through doping of aluminum in zinc oxide
nanoparticles.

2.2. Characterization

The X-ray diffraction patterns of nanoparti-
cles were recorded using X-ray diffractometer
(BRUKER) with Cu K¢ radiation (A = 1.54060 A)
with a step size of 0.02°. The scanning electron mi-
croscope with EDAX (JEOL) was used to examine
the surface morphology and to estimate the compo-
sition of the prepared samples.

UV-Vis absorption spectra of the nanoparticles
were recorded using JASCO, UV-Vis spectropho-
tometer, USA. The room temperature photolumi-
nescence (PL) spectra of the samples were recorded

using a spectrofluorimeter. Fourier transform in-
frared spectrophotometer SHIMADZU (FT-IR
8400) was used to record FT-IR spectra of the
samples.

3. Results and discussion

3.1. XRD analysis

XRD patterns of nanoparticles prepared by
soft chemical method at different conditions are
shown in Fig. 1. Analysis of XRD patterns revealed
that the prepared samples were crystallized in
hexagonal wurtzite structure with a space group
P63mc (JCPDS card number 897102). All the ob-
served peaks in the patterns matched well with the
JCPDS data.

The structural and micro-structural parameters,
such as lattice parameters, lattice spacing along
with respective reflections and particle sizes were
calculated. The lattice parameters were calculated
using the equations 4 and 5.

a:/l/(3%>ksin6(100)) (€))

¢ =2/ (sin6op2)) (5)

where A — wavelength of X-ray and 0 — Bragg angle
of the diffraction peak.

The c/a values confirmed that the prepared
nanoparticles were crystalline in nature. The calcu-
lated values of a and c, tabulated in Table 1, are ina
good agreement with reported values (a = 3.249 A,
¢ = 5.206 A, JCPDS card number 897102). The
calculated values of a and c are lower than the stan-
dard values. This lattice shrinkage occurred due
to incorporation of AI** with the ionic radius of
0.53 A in place of Zn>* with the ionic radius of
0.74 A in the zinc oxide lattice [3].

The unit cell volume for each sample was cal-
culated using the equation 6.

V = 0.866a%c (6)

From the XRD patterns, Fig. 1, the reflections,
namely (100), (002) and (101) were of high inten-
sity, whereas the reflections, such as (102), (110),
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Fig. 1. XRD patterns of zinc oxide nanoparticles: (a)
pure, grown at 80 °C, (b) pure, grown at 120 °C,
(c) 1 at.% Al doped, grown at 120 °C, (d) 3 at.%
Al doped, grown at 120 °C.

(103) and (112), were weak in intensity. The pres-
ence of these peaks authenticated the formation of
hexagonal wurtzite structure [21]. The reflection
(101) was found to have the highest intensity in
all the patterns, which indicated that the particles
were mostly oriented in the [101] direction [22].
The broad and intense peaks in Fig. 1 confirm the
formation of smaller sized zinc oxide nanoparti-
cles [2, 23].

The intensity of the strongest peak (101) was
reduced in the samples ¢ and d [4]. The diffrac-
tion peaks also shifted towards higher angles with
the doping of aluminum in zinc oxide lattice of the

samples ¢ and d [19]. There was no diffraction peak
of aluminum present in the samples ¢ and d. This
was due to the fact that aluminum ions replaced
zinc ions and entered into the zinc oxide lattice.
The presence of aluminum was confirmed in the
samples c and d.

The particle size of prepared samples was de-
termined by Scherrer equation 7.

D=09A/(BcosB) (7

where D — the mean crystalline size of parti-
cles and 3 — full-width at half-maximum intensity,
respectively.

The full-width at half-maximum, (3, was mea-
sured with the help of Gaussian fitting program.
The calculated particle size of the nanoparticles
prepared by soft chemical method was found to
vary from 19 nm to 26 nm and agreed well with
the reported values [13]. All the parameters calcu-
lated from XRD data are tabulated in Table 1. It was
observed that there was an increase in the values
of lattice parameters and particle size with the in-
crease in processing temperature in the soft chem-
ical method [22]. The processing temperature was
an important parameter for the formation of high
quality nanoparticles.

The interplanar distance of all reflections ob-
served in the individual XRD patterns was calcu-
lated using equation 8 and the values are tabulated
in Table 2.

d=21/(2sin0) (8)

where d — interplanar distance.

The calculated interplanar distances of the re-
flections for different samples were found to be
matched well with each other.

3.2. SEM and EDAX analysis

Scanning electron micrographs of the samples
a, b, c and d are shown in Fig. 2. The formations of
flake-like shaped nanoparticles were observed from
these micrographs. The particles were observed to
be agglomerated and this type of agglomeration
originated from high surface energy of prepared
nanoparticles [22].
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Table 1. The parameters calculated from XRD data.

Type of sample  Sample c(A) a(A) ca V (A3) D (nm) in (101) plane Average D (nm)
Standard JCPDS 5.206 3.249  1.602 47.590 - -
Pure a 5.215 3.251 1.601 47.640 24 26
Pure b 5.206 3.257 1.601 47.907 24 25
Doped c 5.197 3.244  1.602 47.362 194 20
Doped d 5.195 3.243  1.602 47.314 19.2 19

: : - e
Fig. 2. SEM micrographs of zinc oxide nanoparticles:
1 at.% Al doped, grown at 120 °C, (d) 3 at.% Al doped, grown at 120 °C.

EDAX spectra of all samples are shown in
Fig. 3. Analysis of EDAX spectra revealed that the
samples prepared at different conditions had a sto-
ichiometric ratio of constituent elements, zinc, alu-
minum and oxygen. The spectral analysis of these
spectra showed the absence of other elements.

3.3. UV-Vis spectra analysis

The absorbance spectra of pure and aluminum
doped zinc oxide nanoparticles synthesized at dif-

(a) pure, grown at 80 °C, (b) pure, grown at 120 °C, (c)

ferent growth conditions are shown in Fig. 4. The
absorption peaks present in the individual samples
are tabulated in Table 3. The absorption peak val-
ues were in close agreement with the reported val-
ues [24]. The peak values varied from 351 nm
to 357 nm. The aluminum incorporation was con-
firmed by the decrease in the peak values. The peak
values were found to decrease with decrease in par-
ticle size of prepared nanoparticles [25].

The decrease in the band edge was at-
tributed to the change in particle size of the
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Table 2. Interplanar distance of all reflections observed

in the XRD patterns.
Reflection d spacing (A)
a b c d
100 2.819 2817 2813 2.803
002 2.605 2.603 2.601 2.593
101 2480 2478 2474 2468
102 1.913 1.912 1.910 1.907
110 1.627 1.626  1.624 1.622
103 1.478 1478 1477 1.475
112 1.379  1.379  1.378 1.377
synthesized nanoparticles. This decrease in

particle size originated from the quantum
confinement effect [26] and the blue shift ob-
served in the absorbance spectra of nanoparticles
was due to the quantum confinement effect [27].
The band gap values of all samples were calculated
and listed in Table 3. The band gap was calculated
using equation 9.

Eg = (he)/(4) 9)

where h — Planck’s constant, ¢ — velocity of light
and A — UV-Vis absorption wavelength.

The band gap varied from 3.48 eV to 3.53 eV.
The band gap values were larger than that of bulk
and confirmed the formation of small sized parti-
cles. As a result of the presence of aluminum, the
enhancement of band gap was observed.

Table 3. The parameters measured from UV absorption
spectra of the samples.

Type of Sample Absorption Band
sample wavelength (nm) gap (eV)
Pure a 357 3.48
Pure b 355 3.49
Doped c 354 3.50
Doped d 351 3.53
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Fig. 3. EDAX spectra of zinc oxide nanoparticles: (a)
pure, grown at 80 °C, (b) pure, grown at 120 °C,
(c) 1 at.% Al doped, grown at 120 °C, (d) 3 at.%
Al doped, grown at 120 °C.

3.4. Photoluminescence spectra analysis

The room temperature photoluminescence
spectra of the synthesized nanoparticles are shown
in Fig. 5. The defect related visible emission
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Fig. 4. UV-Vis spectra of zinc oxide nanoparticles: (a)
pure, grown at 80 °C, (b) pure, grown at 120 °C,
(c) 1 at.% Al doped, grown at 120 °C, (d) 3 at.%
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Al doped, grown at 120 °C.

mechanism was investigated using the room tem-
perature PL spectra of the samples. The different
peaks were observed in the PL measurements. The
near-band-edge emission of zinc oxide, due to the
direct recombination of excitons, was observed at
382 nm in samples a and b [28]. This recombina-
tion confirmed the high surface to volume ratio of
the prepared zinc oxide nanoparticles [29].

The green emission peaks were observed at
520 nm (sample a), 568 nm (sample b), 508 nm
(sample c) and 492 nm (sample d). This green
emission peaks were found to be connected with
the presence of ionized oxygen vacancies [30]. The
aluminum incorporation was established with the
red emission peaks at 590 nm and 620 nm in sam-
ples ¢ and sample d [20]. A change occurred in
electronic energy levels with the presence of alu-
minum in zinc oxide nanoparticles. The formation
of broad peaks in the PL spectra proved the pres-
ence of less intrinsic defects and a good quality of
the prepared nanoparticles.

Intensity (au)

T T T T T T T T T T
=0 400 40 S00 S50 s00 50

wavelength (nm)

Fig. 5. PL spectra of zinc oxide nanoparticles: (a) pure,
grown at 80 °C, (b) pure, grown at 120 °C, (c)
1 at.% Al doped, grown at 120 °C, (d) 3 at.% Al
doped, grown at 120 °C.

3.5. FT-IR spectra analysis

The FT-IR spectra of the prepared nanoparti-
cles are shown in Fig. 6. The results of functional
group analysis and the FT-IR spectra confirmed the
presence of various chemical functional groups and
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Fig. 6. FT-IR spectra of zinc oxide nanoparticles: (a)
pure, grown at 80 °C, (b) pure, grown at 120 °C,
(c) 1 at.% Al doped, grown at 120 °C, (d) 3 at.%
Al doped, grown at 120 °C.

also the formation of pure and aluminum doped
nanoparticles. The peaks at 450 cm ™!, 449 cm~! in
the samples a and b, and 500 cm 1,483 cm~!in the
samples ¢ and d confirmed the presence of stretch-
ing modes of zinc oxide nanoparticles [4]. The
C=0 bands were observed around 1400 cm~'.
The absorption peaks around 3400 cm~! were at-
tributed to O—H stretching. The aluminum incor-
poration was confirmed by the presence of peaks at

890 cm~! and 920 cm™! in the samples ¢ and d.

4. Conclusions

In conclusion, pure and aluminum doped zinc
oxide nanoparticles were successfully prepared by
soft chemical method. XRD studies indicated that
the prepared nanoparticles had hexagonal wurtzite
structure with good crystallinity. A shrinkage of
the lattice was observed with the incorporation of
aluminum in zinc oxide nanoparticles. The reflec-
tion (101) was found to have the highest intensity
in all the patterns, which indicated that the parti-
cles were mostly oriented in the [101] direction.
The estimated average particle size was 19 nm to
26 nm. The c/a values confirmed the good crys-
tallinity of the samples. The SEM micrographs
showed an agglomeration of the nanoparticles over
the surface. The presence of elements zinc, alu-
minum and oxygen was confirmed by EDAX anal-
ysis. The UV-Vis absorption peak values varied
from 351 nm to 357 nm. The enhancement of
band gap was observed due to incorporation of alu-
minum in the zinc oxide nanoparticles. The chemi-
cal functional groups in FI-IR spectra proved the
formation of zinc oxide nanoparticles. The near-
band-edge was found around 380 nm in PL mea-
surements. There was a change in electronic en-
ergy levels in presence of aluminum in zinc oxide
nanoparticles. Thus, these results showed the for-
mation of good quality pure and aluminum doped
zinc oxide nanoparticles.
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