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ibrational and visible emission
properties of low frequency ultrasound (42 kHz)
assisted ZnO nanostructures†

Thangaraj Pandiyarajan,*a Ramalinga Viswanathan Mangalaraja,*a

Balasubramanian Karthikeyan,b Selene Sepulveda-Guzman,c Héctor D. Mansilla,d

David Contreras,e Néstor Escalonafg and M. A. Gracia-Pinillahi

Size and shape tuneable ZnO nanostructures were prepared by a low frequency ultrasound (42 kHz) route

using various organic solvents as the reaction media. The crystalline nature, lattice parameters and

microstructural parameters such as microstrain, stress and energy density of the prepared ZnO

nanostructures were revealed through X-ray diffraction (XRD) analysis. The organic solvents influenced

the size and morphology of the ZnO nanostructures, and interesting morphological changes involving

a spherical to triangular shaped transition were observed. The visible emission properties and lattice

vibrational characteristics of the nanostructures were drastically modified by the changes in size and

shape. Raman spectral measurements revealed the presence of multiphonon processes in the ZnO

nanostructures. The intensity of the visible emission band was found to vary with the size and

morphology of the structures. The strongest visible emission band corresponded to the structure with

the largest surface/volume ratio and could be attributed to surface oxygen vacancies. The control over

the size and morphology of ZnO nanostructures has been presented as a means of determining the

intensity of the visible emission band.
Introduction

Zinc oxide (ZnO) structures with different sizes and shapes have
been the subject of numerous studies in recent decades because
of their versatile properties.1 In particular, the size of ZnO
particles has been adjusted in order to tune the emission from
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the band gap and defects.2 This material shows interesting
properties in the nanoscale region. In this region, ZnO is ex-
pected to possess novel physical and chemical properties
compared to the respective bulk counterpart.3 Naturally, ZnO is
a II–VI wide band gap semiconductor with a band gap of 3.37 eV
and a high exciton binding energy (60 meV) at room tempera-
ture compared with other semiconductors in this family. ZnO
has a wide range of applications in electronic and optoelec-
tronic devices,4 solar cells,5 photodetectors6,7 and as an envi-
ronmental material in photocatalysis,8 gas sensors9 and
antibacterial activity.10 These properties are highly dependent
on the particle size, morphology and surface area, and hence
nanosized ZnO is receiving great attention because of its high
surface area. ZnO nanostructures with different sizes and
shapes exhibit promising properties particularly for applica-
tions in short wavelength optoelectronic devices and sensors.
Several routes, such as solvothermal,11 hydrothermal,12 micro-
wave,13 combustion14 and sonochemical,15 have been developed
to synthesis ZnO nanostructures with different sizes and
shapes. The preparations of different sized and shaped nano-
structures are closely associated with different parameters such
as pH,16 temperature,17 growth technique18 and solvent.19 There
are numerous reports available in the literature of ZnO nano-
structures with different sizes and shapes, but limited reports
are available on the microstructural parameters which deter-
mine the optical properties of ZnO nanostructures. For
RSC Adv., 2016, 6, 20437–20446 | 20437
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instance, Patete et al.20 have published a detailed review on the
viable methodologies for the synthesis of various kinds of
nanostructures with different sizes and shapes for various
applications. Ghosh et al.21 have reported the effects of size and
aspect ratio on structural parameters in ZnO nanostructures.
Recently, Chandraiahgari and his group22 have reported simple
preparation techniques for the large-scale synthesis of ZnO
nanorods with a narrow size distribution. Their results showed
that the various process parameters, such as precursor amount
and growth time, played an important role in controlling the
formation of nanostructures with high uniformity in size and
morphology. The effects of solvents on size, shape, and
magnetic and photoluminescence properties of ZnO nano-
structures have been reported by Clavel and his group,23 Hu
et al.24 and Foo and colleagues.25 Fang et al.26 have reported
a detailed study on the synthesis of one-dimensional inorganic
semiconductor nanostructures for nanosensor applications.
The shape dependence of the photoluminescence of ZnO
nanocrystals was studied by Andelman et al.27 Similarly, Ye
et al.28 have prepared various morphological ZnO nano-
structures and have investigated, in detail, their morphology
derivation and evolution. Enhanced photocatalytic activities of
ZnO nanostructures with various morphologies synthesized
with different organic solvents were studied by Pimentel et al.29

Reports are available on the observation of anomalous
modes in the Raman spectra which do not correspond to the
rst/second order Raman modes of undoped and doped wurt-
zite–ZnO nanostructures. For instance, the observation of
disorder-activated anomalous Raman silent modes was re-
ported by Manjon et al.30 as well as Scepanovic and his co-
workers.31 Cuscó et al.32 have reported a detailed investigation of
Raman modes in high quality ZnO single crystals over
a temperature range from 80 to 750 K. Yadav et al.33 and
Zeferino et al.34 have identied that a dopant can induce the
activation of Raman silent modes in ZnO nanostructures, due to
the relaxation of Raman selection rules produced by the
breakdown of the translational symmetry of the crystal lattice
with the replacement of Zn in the lattice by the dopant ion.
Kunert et al.35 have done the detailed studies on the derivation
of Raman selection rules for the multiphonon processes in ZnO
lattices. However, to the best of our knowledge, a systematic
investigation of solvent effects on microstructure and optical
properties of ZnO nanostructures has not yet been reported.

Polar protic solvents achieve ZnO nanostructures with
controlled size and high homogeneity. This is important for
tuning the physical and chemical properties of nanoparticles,
and especially for engineering the band gap and defect prop-
erties for optoelectronic device applications. Owing to the
importance of ZnO nanostructures in various technological
applications, size and morphology tuneable ZnO nano-
structures were prepared in this report, by the low frequency
ultrasonic (42 kHz) route using various polar protic solvents as
the reaction media. An attempt was made to study the effects of
the different organic solvents on the microstructure and pres-
ence of anomalous Raman modes. We also explored the visible
emission properties of the nanostructures with respect to their
size and shape, and the results are reported in detail.
20438 | RSC Adv., 2016, 6, 20437–20446
Experimental
Materials

Zinc acetate dihydrate Zn(CH3$COO)2$2H2O, sodium hydroxide
(NaOH), ethanol (CH3CH2OH), isopropanol (C3H8O), methanol
(CH3OH) and 1-butanol (C4H9OH) were purchased from Sigma-
Aldrich. All the reactants were used as received without further
purication. The molecular structures of these solvents are
shown in ESI Fig. 1.†

Synthesis of ZnO nanostructures

Different sizes of ZnO nanostructures were prepared by low
frequency ultrasound (42 kHz) using various organic solvents
(ethanol, methanol, isopropanol and 1-butanol) and double
distilled water, keeping all other reaction parameters the same.
Briey, ZnO nanostructures were prepared by adding, dropwise,
100 mL of 0.1 M NaOH dissolved in solvent (ethanol, methanol,
isopropanol, 1-butanol and double distilled water, separately) into
100 mL of 0.05 M zinc acetate dihydrate (Zn(CH3COO)$2H2O)
dissolved in solvent (ethanol, methanol, isopropanol, 1-butanol
and double distilled water, separately). These mixtures were irra-
diated separately under continuous ultrasound (42 kHz) for
2 hours. The white coloured dispersions formed were kept at room
temperature for 16 hours to get the precipitates. The as-formed
precipitates were washed several times with distilled water to
remove the unreacted products. The nal products were collected
and dried in a hot air oven at 60 �C for 8 hours. The samples were
codenamed UE, UM, UI, UB and UW for ethanol, methanol, iso-
propanol, 1-butanol and water solvents, respectively.

Characterization

The size, shape and morphology of the prepared particles were
characterized by high resolution transmission electronmicroscopy
(HR-TEM, FEI TITAN G2 80-300) operated at 300 kV, and trans-
mission electron microscopy (TEM, JEOL Model JSM-6390LV) and
the elemental analysis is done using Energy dispersive spectros-
copy (JOEL Model JSM-6390LV). To identify the crystalline nature
and purity of each sample, the ZnO nanoparticles were investi-
gated by X-ray diffraction (XRD) (Bruker, D4 Endeavor). The X-ray
diffractometer used Cu-Ka radiation xed at 40 kV and 30mA. The
measurements were made with an XRD angle (2q) in the range of
20–80�. The specic surface area of the prepared nanostructures
was measured using the Brunauer–Emmett–Teller (BET) method
(Flowsorb II 2300 Micrometrics, Inc). Raman spectral measure-
ments were carried out using a micro Raman spectrometer (Jobin-
Yvon) with the 532 nm line of an argon ion laser as the exciting
light source with 4 mW power. Fourier transform infrared spec-
troscopy (FTIR) absorption measurements were carried out using
a PerkinElmer spectrometer and the KBr pellet technique in the
range 4000–400 cm�1. The optical properties of the prepared
nanostructures were characterized using absorption spectroscopy
and photoluminescence (PL) spectroscopy at room temperature.
The UV-visible-NIR spectra were recorded using a Shimadzu dual
beam spectrometer in the range 200–900 nm, and the room
temperature PL measurements were done using a PerkinElmer
uorimeter at an excitation wavelength of 330 nm.
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 TEM images of ZnO nanostructures prepared by low frequency
ultrasound using various organic solvents (a–f). EDS spectrum of UW
sample (g).
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Results and discussion
Structural properties

Typical TEM images of the ZnO nanostructures mediated by
organic solvents (UI, UE, UB and UM) and water (UW) are pre-
sented in Fig. 1. The images reveal that the ZnO nanostructures
prepared using an alcohol medium exhibit spherical
morphology, whereas water mediated ZnO nanostructures show
triangular shaped structures. The particle size distribution is
shown in Fig. S2.† Energy-dispersive X-ray spectroscopy (EDS)
reveals peaks at 1.01, 8.63, and 9.60 keV which correspond to
the Zn, and a peak located at 0.52 keV which is assigned to the
oxygen ion. HRTEM images of the ZnO nanostructures are
Fig. 2 HRTEM images of prepared ZnO nanostructures (a) UI, (b) UE, (c

This journal is © The Royal Society of Chemistry 2016
shown in Fig. 2. The images clearly show that the particles are in
distorted spherical and hexagonal structures. The ZnO nano-
structures prepared using isopropanol and methanol solvents
show some hollow pores in the lattice plane, which are of
nanometer size.

Based on the experimental results, the various stages
involved in the formation of ZnO nanostructures under
precipitation conditions are outlined below:36

In the presence of an aqueous medium (organic solvents and
water)

NaOH 4 Na+ + OH�

Zn(Ac)2 4 Zn2+ + (Ac)�

The addition of NaOH solution into the zinc acetate solu-
tions causes the reactions

Zn2+ + 4OH� 4 Zn(OH)4
2�

Zn(OH)4
2� 4 ZnO + H2O + 2OH�

The organic solvents play an important role in the formation
of ZnO nanostructures. Spherical particles were obtained when
the organic solvents were used to prepare ZnO, and triangular
structures were obtained when water was used as a solvent. This
is due to the difference in the polarity of the solvents. The water
has a stronger polarity than any of the organic solvents; the
relatively weak polarity of the organic solvents may limit ZnO
growth along the c-axis and favour isotropic growth. Similar
kinds of results have been reported by Yan et al.37 in which
ethanol–water mixtures have been used to control the
morphologies of ZnO nanostructures. The schematic repre-
sentation of the growth mechanism is shown in Fig. 3.

Specic surface area (SSA) is one of the important micro-
structural parameters of materials in determining the nature of
) UB, (d) UM and (e) UW.

RSC Adv., 2016, 6, 20437–20446 | 20439
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Fig. 3 Schematic illustration of the possible formation process for the ZnO nanostructures.

Fig. 4 Nitrogen adsorption desorption isotherms for the ZnO
nanostructures.

Fig. 5 XRD patterns of the ZnO nanostructures prepared using
different solvents. * indicates the zinc hydroxide phase.
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porosity, and it is of considerable interest in the elds of
catalysis, sensors, lters and pharmaceuticals.38 Fig. 4 repre-
sents the nitrogen adsorption desorption isotherms of the
prepared ZnO nanostructures. The obtained values for BET
surface areas are 29, 40, 49, 62, 65 m2 g�1 corresponding to UW,
UI, UB, UM, and UE, respectively; considerable changes have
been observed by changing reaction medium.
XRD patterns of the prepared ZnO nanostructures are shown
in Fig. 5. All the XRD patterns of ZnO nanostructures show
strong and broad peaks which conrm the wurtzite structure of
ZnO at the nanoscale. The peaks are located at the angles (2q) of
31.79, 34.45 and 36.30� which correspond to the (100), (002) and
(101) planes, respectively, of ZnO (JCPDS no: 01-089-1397). The
other peaks are found at 2q angles of 47.57, 56.63, 62.91, 66.39,
68.01 69.14, 72.51 and 76.86� corresponding to the (102), (110),
(103), (200), (112), (201), (004) and (202) planes of the wurtzite
structure, respectively. The UI and UW samples show a peak
located at 33.1� which corresponds to the zinc hydroxide phase.
The broadening of the FWHM was dependent on the size and
shape of the nanostructures, and the crystallite size was esti-
mated using the Debye–Scherrer formula.39 The obtained values
were found to be �13, 15, 17, 21, and 38 nm corresponding to
UE, UI, UB, UM and UW samples, respectively.

In general, the lattice parameters of semiconductor nano-
structures depend on the concentration of dopant ion, struc-
tural defects, external strain and the difference of dopant ionic
radius with respect to the host matrix ion.3 The lattice param-
eters, ‘a’ axis, ‘c’ axis and unit cell volume ‘v’, were calculated
through the following relations:39

a ¼ lffiffiffi
3

p
sin q

�
h2 þ hk þ k2

�
(1)

c ¼ l

sin q
(2)

and

v ¼
ffiffiffi
3

p
a2c

2
(3)

The calculated lattice parameters ‘a’, ‘c’ and ‘v’ are shown in
Fig. 6(a–c). In the present study, the differences in defects and
This journal is © The Royal Society of Chemistry 2016
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microstrain in the samples cause a variation in the lattice
constants.

The solvent effect on the ZnO bond length was analysed and
is shown in Fig. 6(d). The bond length was calculated by using
the relation:40

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
a2

3

�
þ
�
1

2
� up

�2

c2

s
(4)

where, ‘a’, and ‘c’ are lattice parameters and ‘up’ is the posi-
tional parameter which is a measure of the amount by which
each atom is displaced with respect to the next, along the ‘c’
axis. ‘up’ can be calculated by the formula:3

up ¼
�
a2

3c2

�
þ 0:25 (5)

The variation of Zn–O bond length in the different solvents is
shown in Fig. 6(d).
Microstructural calculations

X-ray prole analysis is a simple and powerful technique to
quantify the crystallite size and lattice strain. Williamson–Hall
proposed that the broadening of a diffraction line is due to the
combination of the crystallite size and strain as a function of the
diffraction angle and can be written in the form of a mathe-
matical expression:41

bhkl ¼ bt + b3 (6)

where, bt is due to the crystallite size contribution, b3 is due to
strain induced broadening and bhkl is the width of the half
maximum intensity of the individual diffracted peak. The width
of each diffraction line is a combined effect of both instru-
mental and sample contributions. In order to decompose line
broadening effects from the instrumental contribution, a stan-
dard silicon (Si) sample was used. The instrumental corrected
line broadening of each diffraction peak was calculated through
the relation:42
Fig. 6 Variations of lattice parameters with the different solvents: (a) ‘a’

This journal is © The Royal Society of Chemistry 2016
bhkl ¼ [(bhkl)measured
2 � binstrumental]

0.5 (7)

where, binstrumental is the broadening due to the instrumental
contribution. The diffraction peaks were tted using the Pear-
son VII function to calculate the FWHM. The crystallite size (t)
contribution can be calculated by using the Scherrer formula:41

bt ¼
kl

t cos q
(8)

where, k is the shape factor, l is the wavelength of the X-ray used
(0.154056 nm) and bt is the FWHM of the diffracted peak.
Similarly, the strain contribution can be evaluated by the
relation:41

b3 ¼ 43 tan q (9)

where, ‘3’ is the microstrain. It is clear that the line broadening
is a combination of the crystallite size and strain contribution,
and it is represented by the mathematical formula:41

bhkl ¼
�

Kl

t cos q

�
þ ð43 tan qÞ (10)

This can be further simplied as follows:

bhkl cos qhkl ¼
�
Kl

t

�
þ ð43 sin qhklÞ (11)

The calculated value of bhkl cos qhkl as a function of 4 sin qhkl

is plotted and is shown in ESI Fig. 3.† This model is known as
the uniform deformation model (UDM).

In UDM, microstrain (3) is assumed to be isotropic (uniform
in all the crystallographic directions), but this assumption is no
longer valid since the microstructural properties vary with the
crystallographic directions. Microstrain can be correlated with
stress, which is directionally dependent. In the uniform defor-
mation stress model (UDSM), the uniform deformation stress
(s) is expressed as:

s ¼ Ehkl3hkl (12)
axis; (b) ‘c’ axis; (c) unit cell volume; and (d) bond length.

RSC Adv., 2016, 6, 20437–20446 | 20441
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Fig. 7 Variation of microstrain, stress, and uniform energy density with the different solvents.

Fig. 8 Room temperature non resonant Raman spectra of UE (a), UI
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where, Ehkl is the Young's modulus in the direction perpendic-
ular to the (hkl) plane and 3hkl is the anisotropic microstrain,
dependent on the crystallographic directions. For the hexagonal
crystals, the Young's modulus could be obtained through the
following relation:43

Ehkl ¼ "
h2 þ ðhþ 2kÞ2

3
þ
�a
c
l
�2#

S11

 
h2 þðhþ 2kÞ2

3

!
þS33

�a
c
l
�4
þ ð2S13 þ S44Þ

 
h2

ðhþ 2kÞ2
3

!�a
c
l
�2

(13)

where, ‘a’ and ‘c’ are lattice parameters and S11, S33, S13 and S44
are the elastic compliances of ZnO. The values of the elastic
compliances are 7.858 � 10�12, �2.206 � 10�12, 6.940 � 10�12

and 23.57 � 10�12 respectively.44 In the UDSM model, the W–H
equation becomes:

bhkl cos qhkl ¼
�
Kl

t

�
þ
�
4s sin qhkl

Ehkl

�
(14)

s can be obtained estimated from the slope of the linear t of
the graph which is plotted between bhkl cos qhkl and 4 sin q/Ehkl,
and is shown in ESI Fig. 4.† Fig. 7 depicts the variation of
microstrain and stress with the solvents. Similarly, the Young's
modulus and 3hkl are connected to the density of deformation
energy ‘u’ through the relation:42

3hkl ¼
�

2u

Ehkl

�1=2

(15)

Substituting eqn (15) into eqn (11), the W–H relation
becomes:

bhkl cos qhkl ¼ (25/2 sin qhklE
�1/2
hkl )u1/2 (16)

The value ‘u’ can be obtained from the plot between
25/2 sin qhklE

�1/2
hkl vs. bhkl cos qhkl which is shown in ESI Fig. 5,†

and the value of uniform energy density is shown in Fig. 7. This
model is known as the uniform deformation energy density
model (UDEDM).
20442 | RSC Adv., 2016, 6, 20437–20446
Vibrational properties

Raman spectra. Raman spectroscopy is a non-destructive
testing tool used to study the vibrational properties of bulk/
nanostructured materials, and specically to identify dopant
ions in the lattice plane, secondary phase formation, and
structural disorder properties of nanostructures.45 Wurtzite type
ZnO is a II–VI wide band gap semiconductor belonging to the
space group C6v

4, with two formula units in the primitive cell.32

According to group theory analysis, the zone centre optical
phonons can be classied to the following irreducible repre-
sentation: Gopt ¼ A1 + E1 + 2E2 + 2B1, where A1 and E1 modes are
polar modes and both Raman and infrared active, and they can
split into transverse optical (TO) and longitudinal optical (LO)
phonons. The Raman active phonon of the A1 branch is polar-
ized in the z-direction, whereas the E1 branch is polarized in the
xy plane.33 E2 modes are only Raman active, non-polar modes
and they have two wavenumbers, one with low frequency
(Elow2 ) associated with the vibrations of the Zn sub-lattice and
one with high frequency (Ehigh2 ) associated with the motion of
oxygen atoms only. The B1 modes are both Raman and infrared
inactive and are known to be silent modes.

In order to investigate the inuence of size and shape on the
Raman scattering of ZnO nanostructures, the room temperature
non-resonant Raman scattering of all samples was measured in
the range 50 to 2000 cm�1 and the spectra are shown in Fig. 8(a–
e). According to DFT calculations, the second order phonon
modes are divided into three regions: (i) the frequency range
(b), UW (c), UM (d), and UB (e) ZnO nanostructures. Lorentzian
decomposed Raman spectrum of UB sample (f).

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Variation of microstrain vs. the EHigh2 mode.
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between 160 and 540 cm�1 is associated with acoustic over-
tones, (ii) the frequency range between 540 and 820 cm�1 is
attributed to the combinations of optical and acoustic phonon
modes, and (iii) the high frequency region between 820 and
1120 cm�1 is formed by optical overtones and combinations.32

To identify the individual phonon modes, each Raman spec-
trum was tted using the Lorentzian function and the decom-
posed spectrum of the UB sample is shown in Fig. 7(f). The
characteristic Raman bands of the wurtzite ZnO lattice, located
at 98 and 437 cm�1, are assigned to Elow

2 and Ehigh
2 respectively.

The band appearing at �330 cm�1 is ascribed to the difference
Ehigh
2 � Elow

2 which is known to be due to multiphonon scat-
tering. The peaks at 532, 547, and 551 cm�1 are clearly of A1

symmetry and can be attributed to the 2Blow
1 and LA overtones.

The reason for the observation of B1 silent modes and second
order phonon modes are due to the breakdown of the trans-
lational symmetry of the lattice caused by defects or impurities
which arise because of either the dopant nature or the growth
conditions.30 The phonon modes located at 699, 732, and 755
cm�1 can be ascribed to the combinations of acoustic and
optical phonons of A1 symmetry. Similarly, a three phonon
combination mode, appearing in the higher frequency region at
Table 1 Phonon vibrational bands, assignments and symmetries of the fi

nanostructuresa

UE, cm�1 UI, cm�1 UM, cm�1 UB, cm�1 UW, cm�1 Ref.

99 98 98 99 98 99
339 333 330 330 334 333
376 375 386 399 396 378
413 420 421 423 423 410
439 437 437 438 439 438
483 — 483 — 484 483
551 — — 532 547 541
— 576 574 579 — 574
582 — — — 581 584
— — — 669 — 666
— — — — 679 679
— — 699 — — 700
732 755 — — — 745
847 — — 835 859 845
— 930 934 935 932 950
— 1050 — — — 1044
1067 1073 1074 1080 1068 1072
1139 1122 1140 1154 1144 1158

1421 1444 1431 1432 1425

a Our results are compared to the Raman wavenumbers taken from Cusc

This journal is © The Royal Society of Chemistry 2016
�1431 cm�1, is ascribed to the A1 (long) + E1 (transv) + E2

process.35 Two phonon combinations modes, located at 679 and
�835 cm�1, could be assigned to the vibrations of A1 (long) + E2

and E1 (transv) + E2 respectively. The second order multiphonon
scattering mode, appearing at �935 cm�1, could be assigned to
the vibrations from 2E2H + E2L. The phonon frequency observed
at higher wavenumber is known to be from a second order
Raman process; in the present case, the peak observed at�1140
cm�1 is assigned to the 2LO vibrations. Fig. 9 represents the
variations of microstrain and the Ehigh2 mode in the different
samples. In general, the Ehigh

2 mode is highly sensitive to the
lattice strain. The increase of the lattice parameter c leads to
tensile strain along the c-axis which causes a blue shi, and
similarly a decrease of the lattice parameter c causes
a compressive strain along the c-axis which results in a red shi
of the Ehigh

2 phonon mode (Table 1).31

Phonon life time. The phonon life time (s) can be deduced
from the Raman scattering by using the energy–time uncer-

tainty relation
1
s
¼ DE

h-
¼ 2pcG where, DE is the uncertainty in

the energy of the phonon mode, ħ is the Planck constant, and G

is the FWHM of the Raman modes in cm�1.32 The phonon life
time is a combination of two characteristic decay times such as
the anharmonic decay of the phonon into two or more phonons
so that energy and momentum are conserved (sA) and the
perturbation of the translational symmetry of the crystals due to
the presence of impurities, defects and isotopic uctuations (sl).
Thus the calculated phonon life time is an addition of these two

characteristics decay times
	
1
s
¼ 1

sA
þ 1

sl



. The calculated

phonon life time values are listed in Table 2.
FTIR spectra. The recorded FTIR spectra of the prepared ZnO

nanostructures are displayed in Fig. 10. Usually in inorganic
species, the vibrational motions lie in the wavenumber range
rst order, second order and multiphonon Raman scattering of the ZnO

Symmetry Process

E2 Elow2

A1, (E2, E1) Ehigh2 � Elow2

A1 A1 (TO)
E1 E1 (TO)
E2 Ehigh2

A1 2LA
A1 2Blow

1 ; 2LA
A1 A1 (LO)
E1 E1 (LO)
A1 TA + LO
Two phonon combinations A1 (long) + E2
A1 LA + TO
A1 LA + TO
Two phonon combinations E1 (transv) + E2
Second order multiphonon scattering 2E2H + E2L

A1 TO + LO
A1 TO + LO
A1 2A1 (LO); 2E1 (LO); 2LO
Three phonon combinations A1 (long) + E1 (transv) + E2

o et al.,32 and Kunert et al.35
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Table 2 Phonon life time measurements for ZnO nanostructures

Phonon mode

UE UI UM UB UW

G

(cm�1) s (ps)
G

(cm�1) s (ps)
G

(cm�1) s (ps)
G

(cm�1) s (ps)
G

(cm�1) s (ps)

Elow2 7.92 0.67 7.37 0.719 7.83 0.677 7.81 0.679 6.667 0.795
Ehigh2 � Elow

2 19.56 0.271 9.11 0.582 28.84 0.1839 45.94 0.1154 24.87 0.213
A1 (TO) 43.61 0.121 58.12 0.091 73.94 0.071 52.75 0.1005 102.565 0.052
E1 (TO) 42.62 0.124 27.68 0.192 27.78 0.191 25.57 0.207 34.69 0.1528
Ehigh2 16.08 0.329 11.6 0.457 11.45 0.463 11.85 0.447 12.09 0.438
2LA 4.08 1.301 — — 4.39 1.208 — — 7.939 0.668
2Blow

1 ; 2LA 35.6 0.148 — — — — 93.45 0.056 92.74 0.057
A1 (LO) — — 16.588 0.319 28.91 0.183 27.07 0.196 — —
E1 (LO) 12.57 0.422 — — — — — — 22.41 0.237
2E2H + E2L — — 17.81 0.297 21.38 0.248 21.76 0.244 13.33 0.398
TO + LO 37.37 0.142 29.01 0.183 71.95 0.073 90.81 0.058 46.46 0.114
2A1 (LO); 2E1 (LO); 2LO 21.15 0.25 66.89 0.079 51.36 0.103 41.4 0.128 60.89 0.087
A1 (long) + E1 (transv) + E2 — — 63.06 0.084 180.19 0.029 65.27 0.055 378.8 0.014

Fig. 10 FTIR spectra of the ZnO nanostructures prepared using
different solvents.
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<600 cm�1, and vibrational motion at higher wavenumbers can
be assigned to organic species. All the spectra show an absor-
bance band at�460 cm�1 which is assigned to the E1 (TO) mode
vibrations of ZnO.39 The broad bands at around �3400 and
�1620 cm�1 could be assigned to the stretching and bending
vibrations of H–O–H bonds, respectively.46 The bands observed
at �1350–1450 and �1550 cm�1 are assigned to the symmetric
and asymmetric stretching vibrations of COO� modes from the
carboxyl groups of the acetate in the metal precursors.
Fig. 11 (a) Absorption spectra of the ZnO nanostructures prepared usi
crystallite size as a function of the solvent.

20444 | RSC Adv., 2016, 6, 20437–20446
Optical properties

Absorption spectra. The optical absorption spectra of the
samples prepared using various solvents are shown in Fig. 11(a).
The peaks appearing at 3.422, 3.576, 3.58, 3.601 and 3.622 eV
correspond to the samples UW, UM, UB, UE and UI respectively,
and are due to the free excitonic absorption of the ZnO nano-
structures. All the samples exhibit an excitonic peak shi as
compared with the bulk ZnO absorption (3.37 eV) which is due to
the quantum connement effect. The ESI Fig. 5† clearly shows that
there is band gap tuning due to the variation in the particle size.
Previous reports have revealed that the band structure of the ZnO
is size dependent and the particle size strongly inuences the
energetic position of the band edges.2 The band gap is inversely
proportional to the size of the particles through the relation:2

E ¼ Eg þ h2

8R2

�
1

m*
e

þ 1

m*
h

�
� 1:8e2

4p3o3NR
(17)

where, Eg is the bulk band gap, R is the particle size, m*
e is the

effective mass of the electron, m*
h is the effective mass of the

hole, ‘e’ is the charge of the electron and ‘3N’ is the high
frequency dielectric constant. The correlation of the calculated
band gap values versus particle size using eqn (17) is shown in
ng different solvents. (b) Variation of the exciton peak maximum and

This journal is © The Royal Society of Chemistry 2016
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ESI Fig. 4,† and this reveals the shis in the band edges as
a function of particle size. The variation of the excitonic peak
maximum and crystallite size in the different solvents is shown
in Fig. 11(b). This clearly shows that the band edge varies with
respect to the particle size.

Photoluminescence spectra. In general, ZnO nanostructures
have two emission bands, the relatively weak and narrow ultra
violet (UV) emission band and the much stronger, broader
emission band located at around 400–600 nm.47 Several works
both theoretically and experimentally have reported the mech-
anism behind the origin of the broad visible emission from
ZnO.48 The origin of the visible emission is due to the recom-
bination of a photogenerated electron from a shallow level
which is very close to the conduction band with the deep traps
in the single ionized oxygen vacancy sites and/or the single
negatively charged interstitial oxygen ions. This visible emis-
sion has a longer life time than the UV emission, in the order of
microseconds .49 The UV emission band arises due to the radi-
ative annihilation of excitons and the life time of this emission
is very short, in the order of picoseconds. The PL spectra of ZnO
nanostructures prepared using different solvents are shown in
Fig. 12(a). The spectra show two emission bands, the rst at
around 385 nm, with low intensity, and the second centred at
�530 nm with a broad band. These are assigned to the near
band edge emission (NBE) and visible emission, respectively.
The relative intensity of the visible to the UV emission (Ivis/IUV)
strongly depends on the size of the particles, as shown in
Fig. 12(b).

The variation of intensity ration of visible to UV emission is
indicated in Fig. 12(b). It is clear that the ZnO nanoparticles
prepared using isopropanol show a much higher intensity for
the visible emission band than the exciton emission band.
Interestingly, the visible emission band is gradually decreased
for the samples prepared using ethanol, 1-butanol, and meth-
anol and is completely absent for the UW samples. This
phenomenon can be explained using size effects. The band
appearing below the conduction band edge (2 eV) is assumed to
be the recombination centre Vo

+ for the visible emission. The
recombination of a conduction band electron with a Vo

++ centre
can yield a photon with energy of 2 eV. The Vo

++ centre can be
created by the trapping of a hole in the Vo

+ centre, and the
probable hole trapping site is on the surface of the particles.50

When the particle possesses a large surface to volume ratio,
efficient and fast trapping of photogenerated holes results at
Fig. 12 (a) PL spectra of the prepared samples at an excitation
wavelength of 330 nm. The band at 385 nm is from near band edge
emission, and the broad band at 530 nm is due to deep level trap
emission. (b) The relative intensity variation of visible to UV emission
with respect to the solvents.

This journal is © The Royal Society of Chemistry 2016
surface sites. The rate of the surface trapping process and defect
concentration decreases as the particle size increases due to the
decrease of surface to volume ratio.48 In the present case, the UI
sample exhibits a high intensity visible emission band, this is
gradually decreased for UE, UB and UM and is completely
absent for UW samples. This is because of the reduction of
possible trapping surface sites which results in the decrease of
visible emission band intensity.

Conclusion

In summary, ZnO nanostructures were prepared by the low
frequency (42 kHz) ultrasound route using various organic
solvents as the reaction media. Lattice and microstructural
parameters such as microstrain, stress, and energy density of
the prepared ZnO nanostructures were extracted from X-ray
diffraction (XRD) analysis. TEM images revealed morpholog-
ical changes involving a spherical to triangular shaped struc-
ture, and the size of the nanoparticles was found to be
dependent on the organic solvent used. Raman spectral
measurements revealed that the changes in the phonon mode
are due to the variation of microstrain and the presence of
multiphonon scattering. The intensity of the visible emission
band was found to vary with the particles' size and morphology.
The strongest visible emission band corresponded to the
smallest size with the largest surface/volume ratio. This could
be attributed to the trapping of surface oxygen vacancies.
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