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ABSTRACT

The applications of zinc oxide (ZnO) nanostructures require tuning of the defect levels which govern their optical

properties. Self-assembled 8–10 nm ZnO nanoparticle clusters with different defect concentration were pre-

pared by thermal decomposition of zinc acetate dihydrate at 900 �C and subsequent quenching in air, ice and

liquid nitrogen. The cell volume and quench-induced structural disorder proportionately increased with larger

temperature difference between 900 �C and the quenching media. Multi-peak fitting of the photoluminescence

(PL) spectra showed that only zinc interstitials and zinc vacancies were present without any oxygen vacancy.

Multiple violet emissions were attributed to the energy levels associated with interface trap in the grain bound-

aries and dislocations. The three quenched samples showed higher intensity of the defect bands as compared

to pristine ZnO. Electron transfer to carbon nanowhiskers was facilitated by the defect bands at the lowest

energy levels associated with the grain boundaries, dislocations and surface traps.
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1. INTRODUCTION
Defect states in semiconductor nanostructures play a piv-
otal role in guiding the charge carriers and their opto-
electronic properties.1 One of the elite and widely studied
semiconductors is ZnO with potential technological appli-
cations in lasers,2 sensors,3 solar cells,4 field-emission
devices,5�6 spintronics,7�8 photocatalysis,9 ceramics,10 and
as UV protector.11 It has the more stable hexagonal
wurtzite structure with space group P63mc, and less stable
cubic zinc blende structure with space group F-43m, has
a bulk band gap of 3.37 eV and exciton binding energy of
60 meV at room temperature (RT).12 The applications of
ZnO are dependent on their intrinsic properties which are
strongly correlated to the crystal structure, particle size,
morphology and defect structure.13–15 Lattice imperfections
such as Schottky and Frenkel defects due to ion vacan-
cies or interstitials, respectively change the cell volume
and induce lattice strain. When the dimensions of the par-
ticles are reduced to nanometer size, high surface area
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to volume ratio and high concentration of defects such
as grain boundaries, dislocations and surface states create
a major impact on their optical and electrical properties.
Instead of forfeiting the properties to the inevitable defects
in ZnO nanostructures, the electronic and optical proper-
ties can be controlled if the defect centers are tuned and the
role of intrinsic point defects such as cation/anion vacan-
cies and interstitials are well understood.16–19 Defects can
be systematically introduced into the material by quench-
ing the samples from high reaction temperatures within a
narrow time window in different quenching media.20 This
allows fine-tuning the type and concentration of defects
and helps in adjusting the microstructure of the material
for luminescence to occur at specific wavelengths. The ini-
tial temperature from where the sample is quenched deter-
mines the native point defects which again alter the free
electron density in the semiconductor.21 The size and mor-
phology of the nanostructures also influence the type of
defect centers, which can be probed by the PL spectra.22�23

The characteristic emissions of ZnO in the UV region
are recognized as the band edge transition or exciton
recombination.24–26 When photons with energies greater
than the band gap energy are absorbed, the electrons
populate the quasi-continuum states above the conduc-
tion band from where they relax to the conduction band
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and thereafter to the defect levels.27 In ZnO, the emis-
sions from the intrinsic or extrinsic defect energy lev-
els to the valence band occur in the visible region of
the spectrum.18 The observed emission bands depend on
the excitation wavelength, temperature and different mor-
phologies of ZnO nanostructures.28 In addition, extended
defects such as grain boundaries, dislocations and surface
states in ZnO nanostructures lead to non-radiative centers
which can decrease the quantum yield.29 Intrinsic defects
can be introduced by high temperature annealing or expos-
ing ZnO samples to toxic vapors,30�31 whereas extrinsic
defect centers occur due to doping transition metal ions at
the Zn2+ lattice sites.32–34 The rate of heating of the pre-
cursors also controls the defect concentrations in the ZnO
lattice, the faster the rate, higher are the defects.35

To utilize the ZnO nanostructures in practical devices,
it is desirable to quantitatively tune the defect related
emissions in the visible range. Also, the assemblage
of nanoparticles into bigger sub-micron or micron-sized
structures for fabrication purposes is an issue and requires
a suitable template.36 In this work, we utilized the ther-
mal decomposition of zinc acetate dihydrate to synthesize
8–10 nm ZnO nanoparticles self-assembled into sub-
micron clusters in one step. The defects were introduced
by rapid cooling from 900 �C to air (27 �C), ice (0 �C)
and liquid nitrogen (−196 �C) traps. Quantitative analyses
of the lattice defects were performed by Rietveld analysis
of X-ray diffraction (XRD) patterns. The types of defect
emissions and the resulting optical properties were ana-
lyzed using RT PL spectra and electron transfer to car-
bon nanowhiskers (CNWs). The aim is to quantitatively
estimate the type of defects in ZnO nanoparticle clusters,
induced by a straight-forward quenching mechanism and
their influence on the optical properties.

2. EXPERIMENTAL DETAILS
2.1. Materials

Zinc acetate dihydrate ((CH3COO)2 Zn · 2H2O, Merck,
98%) was used without further purification.

2.2. Methodology

For all the samples, the heating protocol was similar and
the samples differed in the way they were cooled to RT.

2.2.1. Z-P

1 g of (CH3COO)2 Zn · 2H2O was placed in an alumina
boat and heat treated in air inside a tube furnace (Carbolite,
single zone, model MTF 12/38/400) at 900 �C for 6 h at
the rate of 6.5 �C/min. After 6 h, the sample was allowed
to cool at the rate of 1.5 �C/min up to RT. The sample was
named as pristine ZnO (Z-P).

2.2.2. Z-A

After heating 1 g of (CH3COO)2 Zn · 2H2O at 900 �C
for 6 h, the red hot alumina boat containing the sample

was taken out from the furnace and kept at ambient atmo-
sphere. The sample cooled to RT within 20 min. It was
assigned as air quenched ZnO (Z-A).

2.2.3. Z-I

After heating 1 g of (CH3COO)2 Zn ·2H2O at 900 �C for
6 h, the red hot alumina boat was taken out from the fur-
nace and the sample was placed in an ice bath for 10 min.
The sample was separated from the melted ice by centrifu-
gation, after which it was dried at RT. The sample was
called ice quenched ZnO (Z-I).

2.2.4. Z-LN

At first an ice trap was prepared and liquid nitrogen was
poured inside the trap, which did not allow the liquid nitro-
gen to escape. After 6 h heating at 900 �C, the alumina
boat containing ZnO was immersed into the trapped liq-
uid nitrogen. Within 2 min liquid nitrogen evaporated and
the quenched sample was transferred from the bath into
air atmosphere. The liquid nitrogen quenched sample was
named Z-LN.

2.2.5. CNWs

CNWs were synthesized by the pressure assisted conver-
sion of waste mustard oil at high temperature, using the
method described elsewhere.37

2.3. Characterization Techniques

Field emission scanning electron microscope (FESEM)
images were recorded in Carl Zeiss SUPRA 55VP
FESEM. Energy dispersive analysis of X-ray (EDAX)
studies were performed with the Oxford Instruments
X-Max with INCA software coupled to the FESEM.
Transmission electron microscopy (TEM) images were
obtained by UHR-FEG-TEM, JEOL, JEM 2100 F model
using 200 keV electron source. The XRD measurements
were carried out with a Rigaku (mini flex II, Japan) powder
X-ray diffractometer having Cu K� = 1�54059 Å radia-
tion. Rietveld analysis of the XRD patterns was performed
by the General Structure Analysis System (GSAS) soft-
ware, Los Alamos National Laboratory Report (2004). The
Fourier transform infrared (FTIR) measurements were car-
ried out with a Perkin Elmer spectrum RX1 with KBr
pellets. Each pellet contained 3 mg of the sample and 200
mg of KBr (FTIR grade). The electron paramagnetic res-
onance (EPR) spectra were recorded with a JEOL instru-
ment. PL spectra were measured with Horiba Scientific
Fluoromax-4 spectrofluorometer using a Xe lamp as the
excitation source with a wavelength of 309 nm.

3. RESULTS AND DISCUSSION
3.1. Characterization by Scanning Electron

Microscopy

The low magnification FESEM images as presented in the
first column of Figure 1, indicate that all the samples Z-P,
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Fig. 1. Low and high magnification FESEM images, diameter histograms and EDAX patterns of Z-P (a)–(d), Z-A (e)–(h), Z-I (i)–(l) and Z-LN
(m)–(p), respectively.

Z-A, Z-I and Z-LN consist of 200–500 nm grains (clusters)
aggregated to each other. Higher magnification of these
clusters revealed the presence of smaller grains, consist-
ing of individual nanoparticles (second column of Fig. 1).
In absence of quenching, the 20–25 nm smaller grains of
Z-P were uniformly spaced. Bigger clusters were observed
in Z-A where the grains were 25–50 nm. In Z-I and Z-LN,
the smaller grains were 25–30 nm and irregularly spaced.
The irregular spacing of the smaller grains implies larger
fraction of grain boundaries in the defect bound ZnO sam-
ples. The third column of Figure 1 presents the diame-
ter histogram of the ZnO nanoparticles, considering 70–80
particles in the ensemble. The particles in Z-P had an aver-
age size of 8 nm, Z-A and Z-I had ∼9 nm, and Z-LN
consisted of ∼10 nm particles. The purity of the samples
was confirmed from EDAX analyses, without any notice-
able trace of foreign impurities.

3.2. Characterization by Transmission

Electron Microscopy

TEM images provide a two-dimensional overview of the
structural details in Figure 2. The 200–300 nm thick

rod-like structures of Z-P could be observed in Figure 2(a),
which was primarily due to the chain-like ordering of
the sub-micron clusters (Fig. 1(a)). A closer view of
the edges reveals the presence of individual nanoparti-
cles. Figure 2(b) shows the high resolution (HR) TEM
image of the highly crystalline Z-P where lattice fringes
of the nanoparticles was observed. The difference in con-
trast distinguishes the individual nanoparticles and the dot-
ted circle indicates one nanoparticle with a diameter in
good agreement with the histograms obtained from SEM
imaging (Fig. 1(c)).
Major discontinuities were not evident in the entire vol-

ume of Z-P, which clarifies the minimal presence of lattice
deformations. The plot profile (Fig. 2(c)) and the FFT pat-
tern in Figure 2(d) highlights the interplanar spacing to
be 0.28 nm corresponding to the (100) reflection of the
hexagonal crystal structure. Low resolution TEM image
(Fig. 2(e)) of the representative quenched sample, Z-I
shows the darker contrast of the nanoparticles dispersed
over the matrix. The HR-TEM image of Z-I (Fig. 2(f))
is very informative and provides a visual evidence of the
defects in the sample. 1–3 nm dispersed obstructions in the
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Fig. 2. (a) TEM image of Z-P, (b) HR-TEM image of Z-P showing the
lattice fringes. The dotted circle highlights a spherical particle. (c) Plot
profile of (b), demonstrating the interplanar spacing. (d) A typical FFT
pattern showing the (100) reflection. (e) TEM image of representative
Z-I. The arrows indicate the individual particles. (f) HR-TEM image of
Z-I, showing the presence of topological defects, embedded inside dotted
lines.

lattice fringes were observed which could be attributed to
the grain boundaries and dislocations, percolating through
the nanoparticles. The interplanar spacing of Z-I was also
estimated to be 0.28 nm. The dislocations and grain bound-
aries should give rise to lattice strain which is a measure
of the distribution of a and c lattice parameters.38

3.3. Formation of the Clustered Nanoparticles

The methodology involving high temperature decomposi-
tion of zinc acetate dihydrate was adapted to synthesize
the self-assembled ZnO nanoparticles in one step. When
heat treated in air, zinc acetate dihydrate undergoes dehy-
dration and decomposition, through the intermediate for-
mation of basic zinc acetate [Zn4O(CH3COO)6] and acetic
acid, and further elimination of CO2 and acetone.39 The
one-step, straight forward synthesis methodology resulted
in these self-assembled and clustered nanoparticles with a
narrow size distribution, in direct contrast to the monodis-
persed ZnO particles prepared by wet-chemical routes.40

The nucleation of the nanoparticles at lower temperatures

was followed by clustering at 900 �C. Instead of grow-
ing in size, the particles retained their nanosize features,
even in the absence of any surfactant or surface passivat-
ing layer. There are of course several instances of form-
ing ZnO nanostructures by thermal decomposition of zinc
acetate under ambient pressure, where the defects on the
substrate act as nucleation sites.39�41�42 Under high pressure
conditions, the acetate groups however form a carbon coat-
ing on the 30–50 nm semiconductor nanocrystals.33�43�44

Because of the close association of the nanoparticles and
higher ionic nature at the surface of the nanoparticles than
at the core, the surface defects are expected to play a major
role in controlling the interfacial electronic structure and
charge-transfer across the grain boundaries.1 900 �C was
selected since a significant temperature difference with
the quenching media was necessary to induce defects by
breaking the long range translational symmetry of the crys-
talline structure in ZnO. Z-P and Z-A were cooled through
a temperature difference of 873 �C, Z-I and Z-LN through
900 and 1096 �C, respectively.

3.4. XRD-Rietveld Analysis and Estimation of

Defect%

The lattice imperfections present in thermal equilibrium
were quantitatively analyzed by studying the changes in
the lattice parameters and cell volume. All the samples
crystallized in the hexagonal crystal structure with P63mc

space group. Figure 3 shows the Rietveld refinement of
the XRD patterns and the fitted parameters are tabulated in
Table I. The atomic positions of the O2− ions were found
to be slightly shifted along the z-axis due to the lattice
disorder induced by quenching. The increase in a and c

parameters of Z-A, Z-I and Z-LN with respect to Z-P were
0.0098(0), 0.011(0), 0.014(0)% and 0.015(0), 0.0182(1),
0.0176(1)%, respectively (Fig. 4(a)). The corresponding
percent increase in cell volume of Z-A, Z-I and Z-LN was
0.036(1), 0.042(1) and 0.046(1), respectively with respect
to Z-P.

To estimate the defect% based on the changes in cell
volume (V ),45 the density of atoms (D in g/cm3� inside
the lattice for each sample was calculated using the rela-
tion D = (Number of atoms in the unit cell ∗Molecular
mass of ZnO)/(V ∗NA�, where NA is the Avogadro’s num-
ber. The atomic densities calculated for Z-P, Z-A, Z-I
and Z-LN were 11.3411(1), 11.3371(2), 11.3364(1) and
11.3359(0) g/cm3, respectively which are double than 5.6
g/cm3,46 the density of ZnO obtained from the table of
physical constants of inorganic compounds. This clearly
implies the presence of defects and lattice imperfections
in the synthesized ZnO nanoparticle clusters, irrespective
of quenching. When compared to the lattice parameters of
other ZnO systems, the cell volume appears to be of the
same order of magnitude viz. 11.3583 (JCPDS 89-0511),
11.3468 (JCPDS 79-2205) and 11.3652 g/cm3 (JCPDS 89-
0510). The defect% was calculated from the percentage
change in D.
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patterns; Obs (observed pattern); Calc (calculated pattern); and Bckgr (background plot).

Figure 4(b) shows the trend of increase of defect% of
the quenched samples with respect to Z-P i.e., 0.035(1),
0.044(0) and 0.053(0)% for Z-A, Z-I and Z-LN, respec-
tively. A similar trend was observed with respect to the
density of atoms from other reported JCPDS files. It
clearly shows that the normal cooled sample Z-P also
had 0.15–0.21% lattice imperfections as compared to the
reported standard ZnO lattices, mainly due to the surface
defects in the clustered nanoparticles.

Table I. XRD-rietveld refinement parameters.

Sample Lattice parameters (Å);
[space group] Angles (��; Cell volume (Å3� Atomic positions (x, y, z� Occupation number Weighted profile (Rwp) (%)

Z-P a= b = 3.25074 Å Zn1 (0.333, 0.667, 0.000) Zn1= 1.0 10.36
[P63mc] c = 5.20732 Å O2 (0.333, 0.667, 0.383) O2= 1.0

�= �= 90�, � = 120�

V = 47.655 Å3

Z-A a= b = 3.25106 Å Zn1 (0.333, 0.667, 0.000) Zn1= 1.0 13.79
[P63mc] c = 5.20810 Å O2 (0.333, 0.667, 0.383) O2= 1.0

�= �= 90�, � = 120�

V = 47.672 Å3

Z-I a= b = 3.25110 Å Zn1 (0.333, 0.667, 0.000) Zn1= 1.0 10.25
[P63mc] c = 5.20827 Å O2 (0.333, 0.667, 0.384) O2= 1.0

�= �= 90�, � = 120�

V = 47.675 Å3

Z-LN a= b = 3.25120 Å Zn1 (0.333, 0.6662, 0.000) Zn1= 1.0 10.97
[P63mc] c = 5.20824 Å O2 (0.333, 0.667, 0.385) O2= 1.0

�= �= 90�, � = 120�

V = 47.677 Å3

3.5. Fourier Transform Infrared Spectroscopy

The representative room temperature FTIR spectrum of
Z-P is presented in Figure 4(c). The bands at 3434 and
1627 cm−1 correspond to the stretching and bending vibra-
tions of the hydroxyl groups attached to the nanoparticles.
The functional groups from zinc acetate dihydrate would
not exist at 900 �C, and hence these bands can be attributed
to the physisorbed H2O molecules on the nanoparticle
cluster surface. The vibration of interest is the strong band
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Fig. 4. Plots of (a) lattice parameters (a), (c), cell volume (V) and (b) defect%. FTIR spectra of: (c) Z-P, and (d) Zn-O stretching band. (e) EPR
spectrum of Z-LN.

at 501 cm−1 which corresponds to the longitudinal-optical
(LO) component of A1 mode of Zn-O.47 This vibrational
frequency shifts to 503, 507 and 511 cm−1 in Z-A, Z-I
and Z-LN, respectively as depicted in Figure 4(d). The
wavenumber (�̄) of a bond is inversely related to the bond
force constant (k� by the relation: �̄ = (1/2	c�

√

k/��,

where c is the velocity of light and � is the reduced mass.
Higher bond strengths will result in higher k, which will
shift the particular band to higher wavenumber. Z-P and
Z-A had close Zn-O frequencies whereas Z-I and Z-LN
were in nearby range, which points to the role of tem-
perature of the quenching medium. The lattice degrees of
freedom were in a non-equilibrium state at the ice and liq-
uid nitrogen temperatures, and the atomic positions of the
Z-I and Z-LN lattice equilibrated when both Z-I and Z-LN
returned to RT. The non-equilibrium low temperatures of
ice and liquid nitrogen could arrest the vibration of the
Zn-O bond, which give rise to higher coulombic attrac-
tion between Zn2+ and O2− ions and lowers the entropy,
increasing the bond strength. The A1 (LO) mode of Zn-
O in Z-LN had lowest entropy and highest bond strength
at the non-equilibrium liquid nitrogen temperature, which
could relax after returning to RT. However even after equi-
libration of the Zn-O bonds at RT, the bond strength could
not be lowered down to that of Z-P and Z-A. In spite of
increasing bond strengths, the increase of lattice cell vol-
ume from Z-P, Z-A to Z-I and Z-LN could be satisfactorily

explained by the existence of vacancies and interstitials in
the ZnO lattice.
The trends in defect concentration obtained from

Rietveld refinement of the XRD patterns and FTIR spectra
resemble the quench-induced structural disorder. The dis-
order increased with larger temperature difference between
the initial (900 �C) and final non-equilibrium states.
In Z-P, both the lattice and spin degrees of freedom could
relax upon cooling from 900 �C to RT over a period
of 9.7 h and thus the Zn-O bond lengths and Zn-O-
Zn bond angles could achieve thermodynamic equilib-
rium with minimum concentration of defects. When Z-A
was quenched in air, cooling occurred at a faster rate of
∼44 �C/min, which disrupted the long-range crystalline
ordering. In Z-I and Z-LN, even after thermal equilibration
of the defects at RT, the structural heterogeneities have an
infinite lifetime.48 The defects were kinetically created and
pinned by the induced disorder and hence they could be
characterized by various techniques.

3.6. Electron Paramagnetic Resonance Spectrum

Figure 4(e) shows the EPR spectrum of Z-LN recorded at
liquid nitrogen temperature. In the supposedly diamagnetic
ZnO, the low-field signal with g-factor close to the free-
electron value (g = 2.0023) is generally attributed to oxy-
gen vacancy (Vo� with a trapped unpaired electron.49 This
peak is surprisingly absent in Z-LN and rather a high-field

Sci. Adv. Mater., 6, 1160–1169, 2014 1165



Delivered by Publishing Technology to: Sayan Bhattacharyya
IP: 14.139.220.33 On: Wed, 08 Oct 2014 09:24:41

Copyright: American Scientific Publishers

Self-Assembled ZnO Nanoparticle Clusters with Quench-Induced Defects Debnath et al.

A
R
T
IC
L
E

signal at g = 1.96 was observed. This high-field peak was
attributed to the presence of zinc interstitials (Zni�. The
EPR result matches very well with the PL spectra.

3.7. Optical Properties

PL spectra were recorded and the data fitted with the
most reasonable number of sub-peaks to study the type
of induced defects and their influence on the optical
properties. The emission bands were fitted by multiple
Gaussian peak functions with optimal full width at half
maxima (FWHM). Figure 5 shows the RT PL spec-
tra and energy band diagrams of ZnO samples obtained
with excitation wavelength (�ex� of 309 nm and the

Fig. 5. Room temperature PL spectra and the corresponding simplified
energy band diagrams of (a) Z-P, (b) Z-A, (c) Z-I and (d) Z-LN. The
solid and dotted lines in the energy band diagram represent the radiative
and non-radiative emission processes, respectively.

Table II. Parameters from multi-peak fitting of the room temperature
PL spectra (BE= band edge, V= violet, B= blue).

Peaks Absolute area FWHM
Sample (nm) Bands (Counts ·nm) (nm)

Z-P 353 BE 11�4 34�6
403 V1 17�3 35�8
431 V2 1�2 11�5
434 V3 23�7 54�2
464 B 11�5 89�5

Z-A 356 BE 23�2 44�3
396 V1 4�7 20�9
413 V2 19�6 35�7
437 V3 29�0 54�3
485 B 7�6 67�7

Z-I 355 BE 21�0 42�6
398 V1 11�9 24�2
420 V2 16�2 30�2
443 V3 26�9 96�0
444 V4 14�9 43�8

Z-LN 353 BE 10�6 33�4
399 V1 13�8 27�7
423 V2 7�9 26�1
438 V3 23�8 106�0
441 V4 14�7 47�5

corresponding parameters from multi-peak fitting are tab-
ulated in Table II. The presence of multiple peaks in the
visible region of the electromagnetic spectrum is typical
for nanocrystalline ZnO.50 The spectra reveal a band edge
emission centered at 352–356 nm and a broad emission
ranging from 375 to 600 nm centered at 413–416 nm. The
band edge peaks at 353, 356, 355 and 353 nm for Z-P, Z-A,
Z-I and Z-LN, respectively are blue shifted as compared
to that of bulk ZnO (368 nm) which is due to quantum
confinement effect.23 Z-P and Z-A displayed three vio-
let emissions and one blue emission, whereas for Z-I and
Z-LN, all the emission peaks were observed in the violet
region (Table II). Theoretically, the Zni, Vzn and oxygen
interstitial (Oi� energy levels are located ∼0.22, ∼3.06
and ∼2.28 eV below the conduction band, respectively
whereas Vo level is ∼0.9 eV above the valence band.51

The deep level emissions occur in the green (∼2.5 eV)
and orange-red (∼1.95 eV) region, which are absent in our
ZnO samples. The violet emission usually originates from
the Zni defects, where electronic transition occurs from
Zni level to valence band.32�51 Blue emission is due to the
transition from Zni level to Vzn states. The presence of
more than one violet emissions could be due to the differ-
ent shallow energy levels in close vicinity inside the band
gap (Fig. 5), associated with interface trap in the grain
boundaries,52 and dislocations.53 Also, the coexistence of
interstitial sites with different energy configurations such
as isolated or split interstitials is highly possible, which
can result in closely spaced energy levels.54

Considering the area under the peaks, it can be observed
from Table II that in all the samples, the low lying
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energy levels corresponding to the 434–485 nm bands
were mostly populated. As observed from Figure 5, the
energy band diagrams of Z-P and Z-A are identical, so do
Z-I and Z-LN. The higher intensities of V2 and V3 emis-
sions in Z-A as compared to Z-P was due to the larger
agglomeration in Z-A (Fig. 1(e)) resulting in higher con-
centration of grain boundaries, dislocations and surface
traps. The blue emission could also arise from the surface
deep traps apart from the Zni to VZn transition in Z-P and
Z-A.50 The surface traps were preferentially removed by
the quenching process in Z-I and Z-LN and hence the blue
emission was not observed. The band edge emission in Z-I
and Z-LN was 23 and 15%, respectively as compared to
the area of the violet emissions, which clearly indicates
higher concentration of Zni sites in Z-LN. Interestingly,
the green emission typical for Vo was not observed in
our samples, which was corroborated by the absence of
any paramagnetic signal at g = 2.0023 in the EPR spec-
trum (Fig. 4(e)).55 There are few other cases in the lit-
erature, where the green emission from Vo defects was
not observed and the PL spectra were dominated by vio-
let and blue emissions induced by doping,56�57 and treat-
ments such as laser ablation, H-plasma and atomic layer
deposition.58–60

3.8. Electron Transfer to Carbon Nanowhiskers

When the photons are absorbed, the self-assembled ZnO
nanoparticles undergo charge separation, whereby a major-
ity of e−–h+ recombination take place and a fraction of
these charge carriers remain trapped at the defect sites.
In the presence of a second species with different Fermi
energy level, charge equilibration and electron transfer
can occur from the donor (ZnO) to the acceptor species
through a non-radiative pathway.
The electron transfer can be probed by a decrease in

PL intensity of ZnO with increasing concentration of the
second species such as carbon nanotubes or conjugated
dye.61�62 This process underlines the principle behind pho-
tochemical solar cells.63 We have used ethanol dispersions
of CNW and ZnO nanoparticle clusters to evaluate the
electron transfer dynamics from the latter to the CNWs
consisting of a mixture of sp2 and sp3 hybridized carbon.37

The objective of this exercise was to understand whether
electron transfer will take place only from the conduction
band of ZnO or also from the defect levels. The relative PL
quenching of the bands with increasing CNW concentra-
tion should give an estimate of the Fermi level of the elec-
tron scavenger (CNW). Since the CNWs has no detectable
absorption in the visible range, spectroscopic evidence
of electrons residing in the CNWs was not obtained.
Figures 6(a)–(d) shows PL intensity quenching of the
ZnO samples with 0–0.2 mg/mL CNW concentrations.
The band edge and defect emissions were proportionately
quenched by non-radiative electron transfer to the Fermi
level of the CNW (Fig. 6(e)). The excited state deactivation

Fig. 6. Quenching of PL intensity of (a) Z-P, (b) Z-A, (c) Z-I and
(d) Z-LN in ethanol (1 mL) recorded during addition of 0, 0.05, 0.1, 0.15
and 0.2 mg/mL CNWs; �ex = 309 nm. The arrows indicate the increasing
concentration of CNW. (Inset of a) TEM image shows the cross section
of CNW. (e) Schematic band diagram showing the electron transfer from
the conduction and defect bands of Z-A to the Fermi level of CNW.

was nearly complete with 0.2 mg/mL CNWs. Figures 7(a),
(c), (e) and (g) show the changes in area under the peak
for each emission band with increasing CNW concentra-
tion. This enables comparison between the PL quenching
rates from the different excited states. The representa-
tive PL spectra with 0.1 mg/mL CNWs are shown in
Figures 7(b), (d), (f) and (h). From the fitted PL spec-
tra it was observed that some of the emission bands were
increasingly red-shifted with increasing concentration of
CNWs. The CNWs provide support for adherence of the
ZnO nanoparticles, the latter coalesced and grew in size,
leading to the observed red shift.
From Figure 7(a), it is evident that in Z-P, the V2 emis-

sion (423–431 nm) was minimum as compared to Z-A, Z-I
and Z-LN (Figs. 7(c), (e), (g)) and hence the intensity of
this band in Z-P did not change significantly with CNWs,
unlike the quenched samples. Thus it can be inferred that
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Fig. 7. Plots of fitted area versus CNW concentration for the different
bands (left column) and the representative fitted PL spectra after addition
of 0.1 mg/mL CNW (right column) for (a), (b) Z-P, (c), (d) Z-A, (e), (f)
Z-I and (g), (h) Z-LN, respectively.

the defect state corresponding to the V2 band was induced
in Z-A, Z-I and Z-LN as a result of quenching and can
be attributed to the increased percentage of dislocations
and grain boundaries in the quenched samples. The blue
emission in Z-P (464–497 nm) and Z-A (485–512 nm)
was quenched faster as compared to the other emission
bands and was almost quenched at 0.05 mg/mL CNWs.
Similarly the V4 emission in Z-I (444–506 nm) and Z-LN
(441–506 nm) was almost quenched at 0.1 mg/mL CNWs.
Thus the emission bands from the lowest energy levels
were completed quenched by the CNWs.

Highest electron transfer rates are possible when the
donor and acceptor Fermi energy levels get equilibrated
and hence the Fermi level of the CNWs could be depicted
as shown in Figure 6(e). Hence, with a certain electron
acceptor, the dynamics of electron transfer can be con-
trolled if the defect levels of the semiconductor donor can
be tuned by quenching in different media. If the defect
states are bound to grain boundaries, dislocations or sur-
face traps, the electrons associated with the excited defect
states are quenched faster. In contrast, the slower quench-
ing dynamics of the defect bands associated with point
defects in the lattice, such as Zni, can be envisaged from
the non-disappearance of V1 emission even at 0.10–0.15
mg/mL CNWs in Z-I and Z-LN.

4. CONCLUSIONS
In summary, structural defects were induced in 8–10 nm
ZnO nanoparticles self-assembled into sub-micron clus-
ters by thermal decomposition of zinc acetate dihydrate at
900 �C and subsequent quenching from high temperature
to air, ice and liquid nitrogen. The results can be sum-
marized point wise as: (1) The cell volume and defect%
of air, ice and liquid nitrogen quenched samples increased
by 0.036(1), 0.042(1) and 0.046(1)%, respectively with
respect to the pristine ZnO sample. A continuous increase
in disorder and higher Zn-O bond strength was observed
with larger temperature difference between 900 �C and
the quenching media. (2) HR-TEM imaging enabled direct
visualization of the grain boundaries/dislocations induced
by quenching. (3) The pristine and air quenched sam-
ple showed three violet emissions and one blue emission,
whereas the ice and liquid nitrogen quenched samples dis-
played four emission peaks in the violet region, which
indicates the presence of only zinc interstitials and zinc
vacancies and absence of any oxygen vacancy. (4) Mul-
tiple violet emissions can be attributed to zinc intersti-
tials as well as different shallow energy levels associated
with interface trap in the grain boundaries and disloca-
tions. (5) The electron transfer from the ZnO nanoparti-
cle clusters to the carbon nanowhiskers was probed and
it was observed that the band edge and defect bands
simultaneously take part in the process. The defect state
corresponding to 413 nm (V2 emission) was induced
due to higher grain boundaries and dislocations in the
quenched samples. Also, the emission bands from the low-
est energy levels were completed quenched by carbon. Our
approach enabled the quantitative tuning of defect states
and hence the corresponding emissions of ZnO clustered
nanoparticles.
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