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een structural and electronic
order–disorder effects and optical properties in
ZnO nanocrystals
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M. S. Li,e J. A. Varelaa and E. Longoa

The correlation between structural and electronic order–disorder effects in understanding the optical

properties of flower-like ZnO nanocrystals synthesized by the microwave-assisted hydrothermal method

at low temperatures and short times is discussed. Theoretical simulations were performed at the density

functional theory level to gain a better understanding of the experimental data from X-ray diffraction

(XRD), field emission scanning electron microscopy (FE-SEM), electron paramagnetic resonance (EPR),

ultraviolet-visible diffuse reflectance (UV-vis) spectroscopy and photoluminescence (PL) measurement

studies at different temperatures. The decrease in band gap values is due to the presence of

intermediate states above the conduction band. These discrete levels are formed by structural and

electronic disorder of tetrahedral [ZnO4] clusters which enhance the electron–hole pair.
1. Introduction

Due to the unique properties of ZnO as well as the simplicity of
fabrication, a wealth of studies have been published on the
synthesis, structural characterization and chemical/physical
properties of ZnO nanostructures1,2 with unprecedented capa-
bilities in emerging technologies ranging from optoelectronics
to the biomedical eld.3–6

Although dened ZnO nanostructures with different
morphologies have been reported using a variety of proce-
dures,7–12,29 existing methods require either harsh conditions,
complex procedures or long reaction times. In addition,
although it is well-known that the presence of lattice defects
plays a key role in the physical and chemical properties of ZnO
nanostructures,10,11 many questions still remain due to the lack
of conclusive evidence for defects responsible for luminescence
properties.13

In recent years, microwave-assisted chemistry is emerging
as a powerful and innovative tool in all areas of synthetic
chemistry due to its advantages over other synthetic
methods,14–16 such as shortened reaction times, cost-effec-
tiveness, and cleaner reactions compared to conventional
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routes.16,17 In particular, Kappe et al.18 reported a critical
assessment of the specic role of microwave irradiation in
the synthesis of ZnO micro- and nanostructured materials.
This synthetic procedure provides an economically viable
route for applications but also opens a new avenue to study
the structural kinetics and chemistry of semiconductors and
nanocrystals.16,17 The microwave-assisted hydrothermal
(MAH) method has been employed previously by our group to
produce interesting morphologies for a wide range of metal
oxides,18–21 including ZnO.22,23

Disorder effects in the preparation of nanocrystalline
semiconductor materials open a new eld of study in nano-
technology dedicated to the understanding, interpretation
and rationalization of physical properties and their origins at
the atomic level.11,24–26 However, the origin and the inuence
of disorder in nanoparticles are still under debate. The term
“disorder” can be misleading because it is used to encompass
a very large number of different phenomena.27 In this
context, our objective is focused primarily on two specic
aspects: structural and electronic order–disorder effects that
favor the self-trapping of electrons and the charge transfer
processes on ZnO nanocrystals synthesized by the MAH
method in short times. The samples were characterized by X-
ray diffraction (XRD), eld emission scanning electron
microscopy (FE-SEM), electron paramagnetic resonance
(EPR), ultraviolet visible (UV-vis) spectroscopy and photo-
luminescence (PL) measurements. The origin of intense PL
bands was investigated by rst-principles quantum
mechanical calculations based on the density functional
theory (DFT) and discussed in light of the cluster concept.
This journal is © The Royal Society of Chemistry 2014

http://crossmark.crossref.org/dialog/?doi=10.1039/c4tc01248h&domain=pdf&date_stamp=2014-11-12
http://dx.doi.org/10.1039/c4tc01248h
http://pubs.rsc.org/en/journals/journal/TC
http://pubs.rsc.org/en/journals/journal/TC?issueid=TC002047


Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
8 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t J

au
m

e 
I 

on
 0

9/
07

/2
01

5 
12

:4
5:

19
. 

View Article Online
2. Methodology
2.1 Materials and synthesis

ZnO nanocrystals were synthesized by the MAH method using
1.5 mL of ammonium hydroxide (NH4OH) (30% in NH3, Synth)
together with 7.34 mmol of zinc chloride which were dissolved
in 40 mL of deionized water. In the sequence, the precursor
aqueous solution was transferred into a Teon autoclave which
was properly sealed and placed inside a domestic microwave-
solvothermal system (2.45 GHz, maximum power of 800 W) at
363 K for 10–120min. The precipitated white powder was rinsed
with deionized water and ethanol several times in sequence and
extracted by centrifugation, followed by 343 K drying in air for
24 hours.
2.2 Characterization

The nanocrystals obtained were structurally characterized by
XRD using a Rigaku-DMax/2500 PC with Cu Ka radiation (l ¼
1.5406 Å) in the 2q range from 10 to 75� at 0.02� min�1.
Morphologies of ZnO nanocrystals were observed by eld
emission scanning electron microscopy (FE-SEM) images using
a FEG-VP JEOL. EPR measurements were conducted using a
Magnetech MS300 spectrometer working in the X-band.
Measurements were made at low temperature using a LN2 ow
cryostat. Typically the temperature was maintained accurately
at 1 K. The g-factor was calibrated using 2,2-diphenyl-1-pic-
rylhydrazine (DPPH) and the number of spins was determined
using an a-Si sample with a known number of spins. Samples
were irradiated with a 1 mW UV-LED with emission at 370 nm
for a minimum of at least 1 hour before conducting experi-
ments. The effective g-factor is calculated using the equation:28

geff ¼ hn

jmBj$H0

1where h, v, mB and H0 are the Planck constant, frequency of the
applied microwave eld, Bohr magnetron and applied magnetic
eld, respectively.

Optical properties were analyzed by means of UV-vis reec-
tance spectra and PL measurements. The UV-vis diffuse reec-
tance spectra were recorded using a Cary 5G spectrophotometer
(Varian, USA). PL spectra were collected with a Thermal Jarrel-
Ash Monospec monochromator and a Hamamatsu R446 Pho-
tomultiplier. The 350.7 nm (3.54 eV) exciting wavelength of a
krypton ion laser (Coherent Innova) was used with a measured
power of 13 mW on the sample. During all measurements, the
samples were in an inert atmosphere of helium gas, and thus
there are no surface adsorbates.
2.3 Computational details

The model we have adopted is based on periodic boundary
conditions and the calculations were performed at the DFT level
with Becke's three-parameter hybrid nonlocal exchange func-
tional30 combined with the Lee–Yang–Parr gradient-corrected
correlation functional31 of approximation (B3LYP), as imple-
mented in the CRYSTAL09 computer code.32 The atomic centers
have been described by all electron pob-TZVP basis sets for Zn
This journal is © The Royal Society of Chemistry 2014
and O atoms.33 The level of calculation accuracy for the
Coulomb and exchange series was controlled by ve thresholds
set to 10�8, 10�8, 10�8, 10�8, and 10�18.32 The shrinking
(Monkhorst–Pack)34 factor was set to 6, which corresponds to 80
independent k-points in the irreducible part of the Brillouin
zone integration. This computational procedure has been
employed previously on similar systems with success.35–37

In the present work, we focus on the effect of changes in the
local structure and disorder on ZnO crystalline materials
obtained by the MAH method. To better describe cluster
distortion due to structural effects on the ZnO crystal, average
distances of O and Zn atoms to the center of the cluster have
been computed. The order can be related to an ideal [ZnO4]

�

cluster or [ZnO4]0 while disorder can be related to a defective
[ZnO4]0 or ½ZnO3$Vz

O� (see below). Based on the experimental
results presented in this research, four periodic models were
built from these optimized parameters to represent the ordered
model ([ZnO3]

�–O–[ZnO3]
�) and disordered model

ð½ZnO4��=½ZnO3Vz
O�Þ which are associated with oxygen vacan-

cies, where Vz
O ¼ V�

O ; V$
O or V$$

O as well as dislocating the Zn
atom, 0.005, 0.1 and 0.2 Å, in the z-direction, respectively. These
models can be useful to represent different degrees of order–
disorder in the material and structural defects resulting from
Zn displacements. Density of states (DOS), band gap, band
structure, charge density and theoretical frequency modes have
been performed and compared between the four models. The
XcrysDen program38 was used for band structure drawing
design.

3. Results and discussion

Long-range structural order was determined by XRD patterns
which elucidate that ZnO nanocrystals have a hexagonal wurt-
zite-analogous (P63mc) crystal structure (a ¼ 3.24 Å and c ¼ 5.21
Å) with high crystallinity and purity according to JCPDS card 36-
1451 (see Fig. 1(a)). No characteristic impurity peaks were
observed. UV-vis diffuse reectance was used to determine the
band gap of these materials and resulting spectra are shown in
Fig. 1(b). The exponential optical absorption edge and the
optical band gap energy are controlled by the degree of struc-
tural and electronic disorders in the ZnO lattice and thus allow
tuning of their optical properties by band gap engineering.39 For
our samples, the band gap is direct with a value of �3.2 eV
which is in good agreement with values reported in the litera-
ture, 3.37 eV.1,2,22,23

The FE-SEM images of the ZnO nanocrystals prepared under
MAH conditions are shown in Fig. 2. All the crystalline
agglomerates of ZnO nanocrystals exhibit nanoower shapes
and correspond to a polydisperse sample. It can be seen that the
nanostructures assembled by rod-like ZnO gathered gradually
to form nanoower-shaped ZnO with about�76 nm in diameter
and �705 nm lengths. The size of the ower-like ZnO petals
became more uniform with increasing reaction time in the
MAH process. The MAH method results in micro- or nano-
crystals with high purity and crystallinities at lower tempera-
tures than conventional heating methods.15–19 An elemental
analysis reveals that the products contain only Zn and O atoms
J. Mater. Chem. C, 2014, 2, 10164–10174 | 10165
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Fig. 1 (a) XRD patterns and (b) UV-vis spectra of ZnO nanocrystals processed by the MAH method.
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(see Fig. 2(c)). These results verify that the material surfaces are
similar and the chloride ions were removed during the washing
process, in accordance with XRD patterns. However, poly-
condensation takes place in solution, which can be controlled
by adjusting the experimental variables, such as reaction time,
temperature, pH, concentration, and precursors.40,41 The use or
not of surfactants can be used to control the growth of nano-
particles to the desired size and shape by the MAH synthesis.
Generally the synthesis proceeds via a nucleation–dissolution–
recrystallization mechanism which is considered to be highly
sensitive to relative rates of amorphous solid particle dissolu-
tion and nucleation of the crystalline phase.40,41

In particular, the nucleation and crystal growth stages of
ZnO provoked by the MAH process can be separated very clearly.
The presence of OH� ions plays a key role in the growth
mechanism of ZnO nanoowers and their degree of crystal-
linity, since these ions act in the process of formation of the
[Zn(OH)4]

2� complex in aqueous solution, and which can be
considered the basic units for the growth of ZnO nano-
structures.40,42–45 Our results suggest that the self-assembly
process is responsible for producing ower-like ZnO micro-
crystals from the aggregation of structures formed by several
ZnO nanorods hierarchically ordered. Basically, the aggregation
of ZnO nanorods occurs at the edge of the top face and the
crystal growth process involves several stages during processing
Fig. 2 FE-SEM images of ZnO samples: (a) 10 min and (b) 120 min and

10166 | J. Mater. Chem. C, 2014, 2, 10164–10174
in MAH. A detailed study of the growth process of the ower-like
ZnO crystal is not part of the scope of this work and it will be the
target for future studies.

EPR spectroscopy is one of the most sensitive and interesting
analytical techniques for investigating, quantication and
understanding of the microscopic nature of defects in inorganic
solids.46 More recently, Kaelen et al.47 have discussed in detail
the spin state of the vacancies/defect centers for the ZnO
nanomaterial by EPR results.

Fig. 3 illustrates EPR spectra of ZnO nanocrystals recorded at
198 K for both in the dark and under Ultraviolet Light-Emission
Diode (UV-LED) illumination. Only one EPR line is observed
with a g of �1.96 which was the predominant paramagnetic
defect observed in the two samples studied here synthesized by
MAH for 10 and 120 min. In this case, for ZnO nanocrystals an
EPR line with g �1.96 is usually observed and the origin of this
signal is still not fully established.46–50 According to the litera-
ture, this EPR signal can be associated with possible defects that
are induced in the ZnO lattice, as zinc vacancies (VZn), oxygen on
interstitial sites (Oi), mobile electrons either in the conduction
band and/or shallow donor states and oxygen vacancies
ðVz

OÞ.46–50 However the latter is the defects most commonly
accepted for this EPR signal and are assigned to singly ionized
oxygen vacancy defects ðVþ1

O Þ. This is evidenced by UV-light
(c) EDS patterns.

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 EPR spectra of ZnO nanocrystals at 198 K in the dark and with LED-UV illumination. (a) 10 min and (b) 120 min.
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irradiation that produces an increase in the EPR signal and is
related to oxygen vacancy concentrations.47–50

Some reviews also showed beyond the EPR signal with g
�1.96, and another signal at g �2.00 that is related to surface
defects generated during the milling process. These surface
defects are also still controversial and have also been assigned
to a singly ionized Zn vacancy or to an unpaired electron trap-
ped in an oxygen vacancy site.47,49 However these paramagnetic
surface defects were not observed in our samples.

In this context, we are assuming that the EPR signal is
assigned to singly ionized oxygen vacancies ðVþ1

O Þ. Considerable
efforts have been made to understand native defects in ZnO by
theoretical calculations and experiments, since electronic
properties are strongly coupled with the local structure and
disorder in crystalline materials.51–55 However, our focus in this
study will be on understanding the charge state of the oxygen
vacancy. It has been shown that oxygen vacancies contribute
strongly to optical absorption in the visible spectral and are the
origin of the red-shi in the PL emission.51–55 In these previous
studies, it has been discussed that the formation energies of
intrinsic defects in ZnO, in particular, oxygen vacancies signif-
icantly vary, on the other hand, Vþ1

O donor levels and Vþ2
O energy

levels are located in the energy band gap.
The UV-LED illumination on the intensity of EPR ZnO

samples reveals a clear distinction between the different
samples. An analysis of Fig. 3(a) reveals that the UV-LED illu-
mination is followed by a sharp increase in the EPR absorption
line. The spin density changes from 4 � 1014 spins per g in the
dark to 4 � 1015 spins per g. One simple explanation is that
under UV-LED illumination, the V2þ

O centers can trap the pho-
toactivated electron and change it to V1þ

O which is para-
magnetic. The line width changes from 3.0 G in the dark to 1.8 G
under UV-LED conditions. However, an opposite effect was
detected for ZnO nanocrystals synthesized for 120 min (see
Fig. 3(b)); i.e., UV-LED illumination has a very small effect with
respect to the signal obtained in the dark, and in both cases, the
spin density is orders of magnitude higher at 4 � 1016 spins per
This journal is © The Royal Society of Chemistry 2014
g when compared to nanocrystals synthesized for 10 min. The
signicant difference between the EPR signal intensities under
the inuence of UV-LED illumination shown in Fig. 3 reveals
that the photoinduced electrons were partially trapped at Zn
cations and suggests that other electrons remain in the
conduction band. By analyzing the results depicted in Fig. 3, we
can observe that the EPR signal intensity increases under UV-
LED illumination, and this behavior can be associated with
structural and electronic order–disorder effects of both Zn or O
atoms. These values are similar to those previously reported in
the literature,47–50 and a review of the subject has been reported
by Hunger and Weitkamp.56 To understand, the origins of the
EPR signal could be assigned to the holes trapped on oxygen
atoms, in particular, oxygen vacancies at the particle surface or
bulk. Based on our EPR results, we can observe Vþ1

O which was
discussed previously, and also showed a mixture of V0

O and Vþ2
O

for these materials prepared by a microwave-assisted hydro-
thermal method. It is important to mention that the oxygen
vacancies behave both as shallow and deep trap states in the
crystalline lattice and play an important role in determining the
physical properties of the lattice.

To further characterize the optical nature of ZnO nano-
crystals, temperature-dependent PL spectra were recorded (see
Fig. 4). For PLmeasurements, the 350.1 nm line of a krypton ion
laser was used as the excitation source with a power of 13 mW.
The emission spectral prole strongly depends on the excitation
wavelength, since the use of different wavelengths promotes the
excitation of electrons localized at different energy levels within
the band gap. Fig. 4 shows temperature-dependent PL spectra of
ZnO nanocrystals and a broad band covering visible electro-
magnetic spectra in the range of 400 to 800 nm from 290 K (red)
to 6 K (light blue). A PL prole analysis reveals a common
feature which is a so peak in the UV region (439 nm) related to
shallow trap emissions while a pronounced maximum is found
in the orange region (602 and 610 nm for 10 min and 120 min,
respectively) which is related to broad deep level defect emis-
sions due to their presence within the band gap (see Fig. 4),
J. Mater. Chem. C, 2014, 2, 10164–10174 | 10167
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which were conrmed and characterized by UV-vis and EPR
measurements (see Fig. 1(b) and 3, respectively), and the posi-
tion and/or intensity of the maximum depends on the degree of
structural order–disorder in the nanostructures, which are
strongly inuenced by the synthesis conditions.57–60 Further-
more, it is well-known that the self-absorption of UV emission
can excite defect states of electrons localized at different energy
levels within the band gap in the ZnO nanocrystals resulting in a
broad deep band.60–63 The UV peak is due to the exciton-
recombination process while the visible emission centered at
about �600 nm ranging from 480 to 800 nm is associated with
oxygen vacancies due to the formation of deep levels in the band
gap; this observation is also consistent with results reported by
other groups.7 In particular, Willander et al.61 have reported a
comprehensive review on the subject.

There is a common perception that the predominant struc-
tural and electronic disorders in ZnO are oxygen vacancies,
which are responsible for n- and p-type properties under
reducing and oxidizing conditions, respectively. From an elec-
tronic perspective, disorder is characterized by energy states
above the valence band (VB) and below the conduction band
(CB) which decreases the band gap. Bulk and surface defects
may be possible trap sites and electron–hole recombination
frequently occurs at these trap sites. The emission band prole
is typical of a multiphonon process, where relaxation occurs by
several paths which involve the participation of numerous
states within the band gap of the material.19,22,23 Furthermore,
doping of the ZnO nanocrystals with different elements enables
an adjustment of their optical properties in a wide-range of the
electromagnetic spectrum.64–66

In this study, we present the general details about the
description of the temperature dependence of the PL emission
from ZnO nanocrystals, and the results suggest that the PL
behavior is consistent with the phonon-assisted recombination
which is in good agreement with other studies.67,68 In particular,
Van Vugt et al.69 have reported a strong exciton–photon
coupling in ZnO nanowires at room temperature. The phonon-
assisted recombination determines the temperature-depen-
dence of the PL signal intensity which decreases with an
Fig. 4 A ZnO nanocrystal PL spectrum at different temperatures. (a) 10

10168 | J. Mater. Chem. C, 2014, 2, 10164–10174
increase in temperature due to phonon-assisted transition
effects in the ZnO crystal.

Furthermore, the intensity of the PL signal provides infor-
mation on the quality of surfaces and interfaces of ZnO nano-
crystals prepared by a MAH method. This intensity is likely
associated with the structure organization level and the charge
transfer occurring between oxygen and zinc ions. The relative
PL intensity decreases by about 50% for a sample synthesized at
longer times with the MAH system, which could be consistent
with a decrease of disorder ZnO in the lattice. These results are
in good agreement with the EPRmeasurements shown in Fig. 3.
The PL intensity gives a measure of the relative rates of radiative
and non-radiative recombination and is inuenced by the
temperature.

It has been reported that70 energy relaxation in semi-
conductors is dominated by non-radiative processes at room
temperature. At low temperatures, it has been reported that PL
emissions are closely related to the high mobility of carriers
under these conditions71 and all energy relaxation events are
radiative,68 providing an increase in PL emission intensity
because phonon-assisted transitions in ZnO nanocrystals are
practically eliminated at cryogenic temperatures.68 Similar
results have been reported in the literature for ZnO nano-
crystals67,68 and other compounds.71 The PL intensity improve-
ment of the UV emission peak over the vacancy-related deep
level emission peak occurs because of the better crystalline
nature of the sample with a 10 to 120 min reaction time (see
Fig. 4). The PL intensity improvement of the UV emission peak
over the vacancy-related deep level emission peak is associated
with the increase in crystallinity of these nanostructures for the
samples synthesized by the MAH process. These results show a
possible reduction in the concentration of defects in the sample
prepared with the largest processing time under MAH
conditions.

Several studies have been published regarding the origin of
this orange emission band. The PL behavior involves the pres-
ence of impurities or structural defects in the crystal lattice
distortions. These imperfections involve the short, medium and
long distances that can generate optical properties in the ZnO
range across the visible spectrum, leading to new applications.
min and (b) 120 min.

This journal is © The Royal Society of Chemistry 2014
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Therefore characterization depends on the nature and structure
of the imperfection and the electronic states of the solid.59–63,67,68

In particular, all the defects discussed above play a key role in
streamlining the physical and chemical properties of semi-
conductor materials directly associated with the structural and
electronic order–disorder effects which can exist in ZnO nano-
crystals with different charged states or in a neutral state typi-
cally represented by V2þ

O , V1þ
O or V0

O,
60–63,72,73 which are generated

in the rapid crystallization of such materials during the MAH
process, and have been reported in this study. In this case,
experimental results presented in Fig. 4 are in accord with the
mechanism proposed by Bauer et al.72 in explaining the green
PL behaviour of ZnO, and show that the shi in PL emission can
be due a fast recombination between electron–hole pairs in ZnO
nanocrystals, and reveal that this disordered structure
promotes polarization in the crystal structure, which corre-
sponds to a positively charged oxygen vacancy and could be
mainly responsible for PL behavior. The results indicate the
relationship between the broad PL band and the degree of
order–disorder in ZnO nanocrystals and are in agreement with
other studies.22,23,60–63,67,68

A few years ago, we proposed a cluster model to explain
complex metal oxide PL emissions of perovskite and scheelite-
basedmaterials.73–76 In this model, the clusters are used as basic
Fig. 5 Band structures for the ordered (a) and disordered ZnO models: d
z-direction.

This journal is © The Royal Society of Chemistry 2014
units of the materials to explain the structural and electronic
order–disorder effects as well as their physical properties. In
this study, we apply the cluster model to ZnO as a representative
example of a non-centrosymmetric oxide where a [ZnO4] cluster
with a 4-fold tetrahedral coordination acts as the constituent
basic unit. The theoretical results reported, as it will be shown
here, were performed on the ground state electronic structure
and the related properties of order–disorder local effects on the
bulk ZnO materials. Our study aims at providing an alternative
picture into the electronic structure properties of ZnO nano-
crystals, in terms of order–disorder effects on the chemical
bonding of [ZnO4] tetrahedral clusters, and targeting a better
understanding of the experimental data because, in general, the
physical characteristics and the chemical behavior of nano-
crystalline semiconductor materials are strongly inuenced not
only by size-induced effects such as quantum connement and
surface properties, but also by the local structure and disorder
in crystalline materials such as statistical distributions in
chemical bonding or defect densities that are increasingly
recognized as the key in understanding the properties of many
functional materials.11,24–26,77–79

The optimized wurtzite-type structure belongs to the hexag-
onal space group P63mc with the lattice parameters: a ¼ 3.284,
c ¼ 5.214 Å and u ¼ 0.380 and contains two formula units of
isplacement of the Zn atom is (b) 0.005 Å, (c) 0.1 Å and (d) 0.2 Å in the

J. Mater. Chem. C, 2014, 2, 10164–10174 | 10169
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ZnO per unit cell. The ratio of c/a ¼ 1.588 deviates slightly from
the ideal value of c/a ¼ O8/3 ¼ 1.633.45,80 The calculations
suggest that the chemical nature of the bonding in the hexag-
onal wurtzite phase of neutral clusters is more covalent, i.e. this
tetrahedral coordination is characteristic for covalent bonding
between sp3-hybridized atoms and our results are in good
agreement with previous theoretical81–84 and experimental
data.22,23

Fig. 5 shows that the band structures for ordered and
disordered ZnO models are characterized by well-dened direct
electronic transitions. For ordered and disordered ZnO models,
the top of the valence band (VB) is located at G point. The band
gap is 3.11, 3.06, 3.01 and 2.86 eV for ordered and disordered
models with Zn atom displacement in the z-direction, respec-
tively. These electronic levels are conrmed by UV measure-
ments (see Fig. 1(b)), and the calculated band gap for ordered
ZnOmodel ([ZnO4] tetragonal clusters) is in accordance with the
optically measured gap found in other studies.22,23

Fig. 6 shows electronic diagrams, which illustrate the pro-
jected DOS ordered ZnO and disordered ZnO models. New
levels are formed above the valence band (VB) in disordered
models and are associated with the specic structural disorder
of ZnO. This strong dispersion in (Zn–O) bonds can modify
interatomic distances in the network of the material and thus
Fig. 6 Projected total density of states for the ordered (a) and disordered
(d) 0.2 Å in the z-direction.

10170 | J. Mater. Chem. C, 2014, 2, 10164–10174
promotes the emergence of different coordination environ-
ments in ZnO clusters. This result was by our group in previous
studies on intermediate- and short-range defects in ZnO single
crystals.22 This behavior can be considered as an alternative
argument to explain the experimental PL spectra, as it occurs in
ref. 52 and 54 in which band-gap levels are assigned to oxygen
defects.

An analysis of the projected DOS indicates that the VB
consists mainly of O-2p orbital levels, with minor contributions
of the Zn-3p and Zn-3d orbital levels. The main contribution of
the conduction band (CB) is due to Zn-4s orbital levels, with a
minor contribution from the O-2p orbital levels. The presence
of 3d states in the VB in the four models reveals a strong
bonding character between O and Zn. The same behavior is
observed for the CB. First-principles quantum mechanical
calculations have shown that the break in lattice symmetry due
to structural disorder is responsible for electronic states in the
band gap and reveals that this structure disorder promotes local
polarization and a charge gradient in the structure.20,25,26

More recently, the cluster-to-cluster charge-transfer process
in a crystal containing more than one kind of cluster was
characterized by excitations involving electronic transitions
between clusters.19,20 The vacancy remaining from the electron
in an otherwise ideal cluster is a “hole polaron” which has all
ZnO models: displacement of the Zn atom is (b) 0.005 Å, (c) 0.1 Å and

This journal is © The Royal Society of Chemistry 2014
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the attributes of an electron polaron, except that it is positively
charged.84 In this way, as a consequence, there is a Coulomb
attraction between the electron polaron and the hole polaron
and suggests that the recombination process in the crystal takes
place through the medium of density defects or intermediary
energy levels,85–89 as evidenced by the UV-vis measurements.

Basically, the combination occurs between all pairs of exci-
tons generated in the ZnO nanocrystals, resulting from different
organization levels in the clusters, and is a bound state whose
excitation energy lies below the conduction band threshold. We
offer a possible explanation for these types of phenomena based
on undercoordinated [ZnO4] clusters such as ½ZnO3$Vz

O� which
are associated with oxygen vacancies, since each type of hole
polaron is related to the distortion [ZnO4] cluster distortion as
follows (see Fig. 5, 6 and 7): (i) at low-density positive charges,
there is a correspondence with the initial formation of the hole
polaron (h0) which is associated with the neutral oxygen
vacancies ðV0

OÞ, (ii) when the average positive charge density
increases, the formation of hole polarons (h+) and singly
ionized oxygen vacancies ðV1þ

O Þ occurs, and (iii) a large increase
in charge densities is closely associated with the formation of
two hole polarons (2h+) due to a doubly ionized oxygen vacancy
ðV2þ

O Þ. A graphical representation is given in Fig. 7 by using
polyhedra to identify the ZnOx (x ¼ 3 and 4) cluster as building
blocks. Therefore, disorder generates imbalanced charges in
the structure and the formation of electrons and holes in the
lattice (see Fig. 7). This fact plays a crucial role in better
understanding the PL behavior.

Based on our results, we have described the wurtzite ZnO
material as a framework composed of linked [ZnO3]–O–[ZnO3]
Fig. 7 Polyhedral representation to identify [ZnO4]
�, [ZnO4]0, ½ZnO3$V

�
O�,

vacancies and holes and electron density maps for the ZnO models.

This journal is © The Royal Society of Chemistry 2014
moieties, in which the [ZnO4] can be used to analyze its local
structure. With the increase in the connection distance between
a cluster [ZnO4] interacting with another cluster [ZnO3], these
results show an increase in the density of negative charges in
the rst cluster and an increase in density of positive charges in
the second cluster may be interpreted as the beginning of the
formation of excitons in this system. So, we can easily show a
transfer of charges involving a disordered cluster to an ordered
cluster that contribute to the rationalization of chemical bond
based on our quantum calculations from a model involving a
cluster-to-cluster charge-transfer mechanism.

Oxygen vacancies in a disordered structure with
½ZnO4��=ZnO3Vz

O complex clusters are hole trapping centers
according to the following equations (see Fig. 7):

½ZnO2� �O� ½ZnO3�/½ZnO4� þ
�
ZnO3V

0
O

�
(i)

½ZnO4� þ
�
ZnO3V

0
O

�
/½ZnO4�� þ �

ZnO3V
1þ
O

�
(ii)

½ZnO4� þ
�
ZnO3V

1þ
O

�
/½ZnO4�� þ �

ZnO3V
2þ
O

�
(iii)

Structural and electronic reconstructions of all possible
combinations of clusters belonging to a specic crystal are
essential for an understanding of the PL phenomenon.19,20 As
the system evolves to a higher structural order, there is a
decrease in structural defect densities which causes the trans-
formation of a V2þ

O to V1þ
O and subsequently the V0

O oxygen
vacancy in clusters. A charge redistribution process may
produce an electron–hole recombination of localized excitons.
Furthermore, a strong Coulomb coupling between charge
½ZnO3$VO
$�, and ½ZnO3$VO

$$� clusters associated with different oxygen

J. Mater. Chem. C, 2014, 2, 10164–10174 | 10171
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carriers promotes extremely efficient photogeneration of exci-
tons in nanocrystals. We believe that the different types of
excitons can generate different types of quantum connements
in ZnO nanocrystals and can be observed by PL measurements.

Structural and electronic order–disorder effects in semi-
conductor materials cause a polarization between clusters that
facilitates the population of excited electronic states. In partic-
ular, the theoretical model used here is based on crystals in
their ground state (lowest energy), so a model of excited states
will be useful in future to clarify electronic transitions in crys-
talline systems as previously described by Gracia et al. for
different metal oxides.87,88 At the lowest temperature, most of
the population is in the lowest energy, so this mechanism is of
minimal importance for PL intensity changes in this regime,
while elevating the temperature facilitates the increase in the
relative populations of these excited states in ZnO and thus
signicantly increases the overall radiative rate.89,90

4. Conclusions

To summarize, from the quantitative analysis of the results
obtained from a combination of experimental and theoretical
approaches, we have shown a correlation between structural
and electronic order–disorder effects that triggers both EPR
measurements and PL properties at different temperatures in
ZnO nanocrystals obtained by the MAH method. XRD, UV-vis,
FE-SEM, EDXS, EPR, PL measurements and theoretical calcu-
lations were extensively employed to investigate the structural
and optical properties of the wurtzite ZnO nanocrystal synthe-
sized by the MAH method. Furthermore, we developed the
cluster-to-cluster charge-transfer process mechanism to asso-
ciate the structural and electronic deformations of the [ZnO4]
constituent clusters of this material. It appears that the concept
of ideal [ZnO4] and distorted ½ZnO3Vz

O� clusters (where
Vz
O ¼ V0

O; V
1þ
O and=or V2þ

O ) is capable of accounting for the EPR
measurements and PL emissions quite satisfactorily. Our model
can also be applied to other systems besides ZnO. These results
have shown that the symmetry breaking process in the structure
of these nanocrystals, associated with order–disorder local
effects, is responsible for electronic states above the conduction
gap and reveals that this disordered structure promotes local
polarization and a charge gradient in the structure of ZnO
nanocrystals, which are crucial factors in determining the
physical properties of ZnO. Controlling order–disorder effects
mean designing the properties as a function of applications and
enlarge our perspective on the different complex interactions in
the nanoworld. We believe that these results will help us to
better understand the origin and the mechanism involved in
this PL process and still more accurate theoretical calculations
and experimental data in order to conrm this hypothesis are
now in progress.
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