8970

J. Phys. Chem. A 2008, 112, 8970-8978

Toward an Understanding of Intermediate- and Short-Range Defects in ZnO Single
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A joint use of experimental and theoretical techniques allows us to understand the key role of intermediate-
and short-range defects in the structural and electronic properties of ZnO single crystals obtained by means
of both conventional hydrothermal and microwave-hydrothermal synthesis methods. X-ray diffraction, Raman
spectra, photoluminescence, scanning electronic and transmission electron microscopies were used to
characterize the thermal properties, crystalline and optical features of the obtained nano and microwires ZnO
structures. In addition, these properties were further investigated by means of two periodic models, crystalline
and disordered ZnO wurtzite structure, and first principles calculations based on density functional theory at
the B3LYP level. The theoretical results indicate that the key factor controlling the electronic behavior can
be associated with a symmetry breaking process, creating localized electronic levels above the valence band.

Introduction

7ZnO is a well recognized semiconducting and piezoelectric
material. Their wide and tunable direct band gap energy of 3.37
eV with a large excitation binding energy of 60 meV at room
temperature,! much larger than those of other semiconductor
materials, means that this material finds a variety of uses in
electronic industry such as photocatalysts, UV light-emitting diodes,
laser diodes, solar cells, microsensors, and other devices.>? ZnO
has been attracting a lot of attention because of their unique
properties and potential application, opening a surge in research
activities from a practical and scientific point of view, including
many interesting nanostructures such as belts, helices.* In addition,
a plethora of ZnO morphologies have been synthesized and
characterized in detail, such as nanoparticle,® nanorods,” nanowires,?
nanotubes,” nanoflowers,!? tetrapod,!! doughnuts,!? nanodisks,
nanoplates, nanospheres and hemispheres.'3-1?

Vayssieres? reported that ZnO could easily be processed as
nanowires or arrayed nanorods on solid supports by monitoring
the hydrolysis of Zn(NO3),. Zhang et al. have demonstrated that
well-aligned ZnO nanowires were synthesized by simple physi-
cal vapor deposition using c-oriented ZnO thin films as
substrates without catalysts or additives.?!*> Gao and Wang have
developed a Sn-catalyzed ZnO structure vapor—liquid—solid
growth on a single-crystal ZnO substrate®® and these authors
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explain how these nanoarchitectures grow by combining some
of the fundamental structural configurations of ZnO.”* In
addition, Hughes and Wang?* have proposed a theoretical model
supporting the experimental data on the structural features of
nanorings and nanobows formed by bending single-crystal of
polar surface dominated ZnO nanobelts. Han et al.,> by using
a simple low-temperature liquid-phase method, obtained large-
scale arrays of highly oriented ZnO nanorods on ZnO-film-
coated substrates of any class. Choi et al. have prepared ZnO
nanoblade and nanoflower using zinc acetate dehydrate aqueous
solution by ultrasonic pyrolisis.?

In recent years, many techniques and methods have been
investigated for the obtention of ZnO nanostructures, such as
thermal evaporation,?’" physical and chemical vapor deposition,3 =7
metal organic vapor-phase epitaxy,3® microwave plasma des-
position,?® pyrolysis,*® chemical bath deposition,*'*? heteroge-
neous nucleation in mixed or/and aqueous solution,**¢ and the
hydrothermal method.#’-° The hydrothermal method is a
promising one for fabricating ideal nanomaterial with appropri-
ate morphology and it is generally a low-temperature, low-cost
process, high yield, scalable process for large fabrication of ZnO
nanostructures. Different authors have demonstrated that hy-
drothermal conditions3!~>3 can be used to successfully grown
ZnO single crystals. Particles with a controllable size and shape,
highly crystalline and low agglomeration can be obtained using
this synthetic route. In addition, a variation of this technique,
i.e., hydrothermal synthesis using microwave (microwave-
hydrothermal), accelerates the crystallization process, increasing
the nucleation rate and, hence, leads to the formation of fine
particles with homogeneous distribution.’®>” Freeman et al. have
discussed the implications for the crystal growth of wurtzite
materials, such as ZnO, based on periodic density functional
calculations on ultrathin films,’® and Terrones et at.”® have
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carried out first principles calculations on ZnO nanoribbons for
zigzag and armchair terminated edges.

At room temperature the thermodynamically stable phase of
ZnO is the hexagonal wurtzite crystal structure (P63mc) where
each anion is surrounded by four cations at the corners of the
tetrahedron. The unit cell has two atoms containing two units
of ZnO. There are two nonequivalent atoms in the unit cell with
internal experimental values: Zn (*/3, '/3, 0), O (%3, /3, u), where
u is the internal parameter of wurtzite structure. Structurally,
7ZnO has a noncentral symmetric wurtzite crystal structure with
a hexagonal Bravais lattice (¢ = 3.250 A and ¢ = 5.207 A)
and it can be depicted as alternanting planes of tetrahedrally
coordinated O%~ and Zn*" ions, stacked alternatively along the
c-axis. This arrangement generates a dipole moment and a
spontaneous polarization along this c-axis between the op-
positely charged ions, i.e., positively charged Zn-(0001) and
negatively charged O-(0001) polar surfaces.

For the sake of lacking the central symmetry in wurtzite, ZnO
presents strong piezoelectric and pyroelectric properties and is
ideally suitable for optical applications. Green (520 nm) and
orange (620 nm) emission bands have been reported in both
nanocrystals and bulk crystals, and they are associated with
different defects produced during the synthesis process and are
found to influenced by several factors, such as reaction
temperature and presence of oxygen.® ZnO is transparent to
visible light and can be made highly conductive by doping; in
this context, the green emission band of ZnO has been studied
by many groups and was assigned to the tunneling recombina-
tion of donor—acceptor (D—A) pairs.>01-0> As to the identity
of the defect, it has been suggested to be copper impurities,
oxygen vacancies,’%7 zinc interstitials,%® and ZnO antisites.®
Recent studies suggest a recombination of electrons from the
conduction band or a level close to the conduction band edge
with a deeply trapped hole in a V§ center to be the origin of
the green emission.? First principle theoretical results by Zhang
et al.”% showed that oxygen vacancies have a low formation
enthalpy and are easily formed. EPR results for the ZnO
nanocrystals have manifested that the Vo centers are the
predominant defects.®!7! Furthermore, the nanowires with large
surface-to-volume ratios have a lot of dangling bonds and defects
on the surface, which can absorb the O?>~ and O~ ions to form
the O>~/O~ surface system. Schoenmakers et al.”> have de-
monstrated that this O>~/O~ surface system is the predominant
trapper of the holes in the valence band, which play a key role
in the formation of the visible emission centers (V).

The photoluminescent emission of semiconductors is an
important material property because it can provide information
on defects and relaxation pathways of excited states, depending
upon the preparation techniques, which can generate different
structural defects. Different photoluminescence experiments on
ZnO-based systems have been performed and possible explana-
tions have been proposed.f%636473 In this paper, the intermediate-
and short-range defects in ZnO crystals using X-ray diffraction
(XRD), Raman, and photoluminescence (PL) techniques are
reported and different responses in the photoluminescent emis-
sion were also investigated. The two synthesis methods used
in the ZnO powders preparation, conventional hydrothermal and
microwave-hydrothermal, suggest different defects formation,
which can be an indicative of different conformations into the
hexagonal structure (wurtzite) during the ZnO growth.

We have been interested in the property of shape-controlled
crystals, aiming to explore the PL properties of different crystals
in terms of order—disorder. The research involves three critical
steps: synthesis of shape-controlled crystals, structural charac-
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terization, and PL emission investigation. We also investigated
the electronic structure using first-principles calculations based
on the density functional theory (DFT). The purpose is to join
both the experimental and theoretical results to explain the
different responses of PL emission at room temperature of ZnO
powders by using two different structural order—disorder,
associated with intermediate- and short-range defects.

The remainder of the paper is organized as follows: the next
two sections address the experimental procedures, and the
computing methods and model systems, respectively. Results
are presented and discussed in detail, taking into account the
different experimental techniques (subsections 1-4), and the
theoretical analysis based on the band structure and density of
states is given (subsection 5). Finally, we summarize our main
conclusions.

Experimental Procedures

Experimental details were as follows: In 80 mL of NaOH 1
M solution was added 2.6 mmol of zinc acetate. After 15 min
stirring, 4.5 mL of polyethyleneglycol PEG (M,, 400) was added
into the solution under constant stirring. The solution was
transferred into a sealed Teflon autoclave and annealed at 130
°C for 15 min, 30 min, 1 h and 2 h using the conventional
hydrothermal and the microwave-hydrothermal processing. The
pressure in the sealed autoclave was stabilized at 2.0 atm. The
autoclave was cooled to room temperature naturally. The ZnO
precipitate was washed with water, and dried at 60 °C for 5 h.

The ZnO powders were analyzed by X-ray diffraction (XRD),
using a Rigaku DMAX 2500 PC diffractometer in a 6—20
configuration ranging from 5° to 75°, A = 1.5406 A, with a
graphite monochromator.

Raman data were recorded on a RFS/100/S Bruker FT-Raman
spectrometer with Nd:YAG laser providing an excitation light
at 1064.0 nm. The spectral resolution was 4 cm™!, and 10—700
cm™! spectral ranges were analyzed.

The size and morphology of ZnO particles were measured
by scanning electron microcopy (SEM) and transmission
electron microscopy (TEM) using a Zeiss DSM 940A model
and a Philips CM 200 model, respectively. Structural formation
for the particles was measured by selected-area electron dif-
fraction (SAED).

The photoluminescence spectra were measured using a U1000
Jobin-Yvon double monochromator coupled to a cooled GaAs
photomultiplier and a conventional photon counting system. The
488.0 nm exciting wavelength of an argon-ion laser was used,
with the laser maximum output power kept within 25 mW. The
measurements were performed using constant mass samples.

Computing Methods and Model Systems

The literature contains several studies on PL of materials
disordered at room temperature with the finality to understand
the why of the behavior electronic levels for gap variation.”*76
The periodic DFT calculations with the B3LYP7”-7® hybrid
functional were performed using the CRYSTALO37° computer
code. The B3LYP functional is known to simulate the energetic,
geometric, and electronic properties of materials with signifi-
cantly greater accuracy.® This functional has been successfully
employed for studies of the electronic and structural properties
of diverse compounds.3'-83 The atomic centers have been
described by a modified all electron basis set®* 6-31G* for Zn
and O atoms.

Two simple models were selected to simulate the effects of
a slight structural deformation on the electronic structure without
completely suppressing the geometry of the cell as it is depicted



8972 J. Phys. Chem. A, Vol. 112, No. 38, 2008

Lima et al.

Figure 1. Primitive unit cell of the structural models of ZnO (a) ZnO-o and (b) ZnO-d.
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Figure 2. XRD patterns of ZnO powders obtained for 15 min, 30 min, 1 and 2 h by (a) conventional hydrothermal and (b) microwave-hydrothermal

methods.

in Figure 1: the ordered ZnO-o structure and the disordered
structure, named ZnO-d, in which the network of the lattice is
dislocated by moving the Zn atom 0.1 A.

These models can be useful to represent different degrees of
order—disorder in the material, as well as structural defects
resulting from network former displacements.

The band structures were obtained for 80 K points along the
appropriate hight-symmetry paths of the adequate Brillouin zone.
Diagrams of the density of states (DOS) were calculated for
analysis of the corresponding electronic structure. The XcrysDen
program?®’ has been used for the design of band structure and
DOS diagram.

Results and Discussion

1. X-ray Diffraction. A well-crystallized hexagonal wurtzite
structure of ZnO was pronounced in all investigated samples
(space group: P6smc (186); a = 3.250 A, c = 5.207 A),
according to JCPDS card 36-1451. The intensity of the relative
peaks indicates the high purity of the ZnO hexagonal phase of
the samples and good crystallinity, demonstrating that ZnO
powders obtained by hydrothermal conditions present a long-
range order or periodicity (completely ordered structure); see
Figure 2a,b. No characteristics peaks for impurities were
observed.

2. Raman Spectra. Figure 3a,b shows the room temperature
Raman spectra of the ZnO microstructures ranging from 200
to 1200 cm™!. ZnO is wurtzite structure that belongs to the space
group C¢,. A; and E; are polar modes and are both Raman and
infrared active, whereas the E, modes are nonpolar and Raman

active only.% Both A; and E; split into transverse (TO) and
longitudinal optical (LO) phonons.

The Raman spectra of ZnO powders display a narrow strong
band at 435 cm™! that has been assigned to one of the two E;
modes, involving mainly Zn motion, which corresponds to band
characteristic of wurtzite phase. Several common low-frequency
features including bands at approximately 330 cm™! should be
assigned to the second order Raman spectrum arising from zone-
boundary phonons 3E,p—Eor, 380 cm™! (A1), and the envelope
of bands above 1095 c¢cm™! attributed to overtones and/or
combination bands.8”-8 For the asymmetric wide band, the At
mode indicates the presence of some structural order—disorder
degree in the ZnO lattice®® that can refer to short and
intermediate ranges. The samples treated for 2 h by conventional
hydrothermal and microwave-hydrothermal methods present a
narrower line width referring to this Raman mode (see inset of
Figure 3), demonstrating the lowest short- and intermediate-
range structural disorder degree in relation to other samples.
However, the samples annealed at 15 min depict a broad band,
indicating the higher intermediate- and short-range structural
disorder. The higher ordered and higher defect densities
structures are unfavorable conditions for intense photolumines-
cence emission.”

A band at 537 cm™!, apparently very weak, is the contribution
of the E; (LO) mode of ZnO associated with oxygen defi-
ciency.”! Regarded as an “anomalous” mode,”? it has been
variously identified as either from a second-order peak or from
oxygen vacancies.”>° Its intensity has been observed to depend
on crystallinity, crystal orientation, and on the synthesis method.
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Figure 3. Raman spectra of ZnO microcrystals prepared 15 min, 30
min, | h and 2 h by (a) conventional hydrothermal and (b) microwave-
hydrothermal methods.

The strongest E, mode and lowest E; (LO) mode indicate
that a lower oxygen vacancy density is present in the samples.®’
Therefore, all ZnO samples obtained by hydrothermal conditions
with and without microwave exhibited low oxygen vacancy
density.

The different type of defects, such as short- and intermediate-
range structural disorder, vacancies and angle distortion in the
lattice, can be assigned to the interconversion of possible
configurations of the wurtzite conformation during growth
conditions. In the ZnO wurtzite phase the Zn3O3 hexagonal rings
are arranged in the “boat” and “chair” configurations,’® as
presented in the Figure 4.

3. SEM and TEM. In the rapid growth of particles during
the conventional hydrothermal and microwave-hydrothermal
synthesis methods different configurations can be formed
generating Zn and O vacancies defects and of surface, which
can be responsible by different average size distributions of
particles; see Figure 5.

The average particle diameters were 100 nm for the samples
treated at 15 min and 1 h using the microwave-hydrothermal
method, and 90 and 150 nm for the samples synthesized after
15 min and 1 h by the conventional hydrothermal method,
respectively. In general, the size of the ZnO wires is uniform;
however, the sample treated at 15 min by the microwave-
hydrothermal method is more homogeneous with a constant
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Figure 4. ZnO wurtzite-phase configurations.

diameter in the wire length. The sample obtained after 1 h under
conventional hydrothermal conditions presented a bigger di-
ameter (150 nm) and an ideal defect density that favors an
intense photoluminescence, according to the PL results.

The obtained ZnO samples represent hexagonally shaped
wires of high quality, as demonstrated by the SEM images
illustrated in Figure 5 (inset). The SEM images reveal that the
ZnO morphology is flower-like wire clusters. The clusters are
composed of multiple ZnO wires joined together at one end
(seed) to form the center and each grown wire is like a flower
spread outward.

An individual ZnO wire for the samples obtained at 1 h under
conventional hydrothermal and microwave-hydrothermal condi-
tions is observed in the TEM images shown in Figure 6a,b.
The images show sword-like ZnO wires with 300—400 nm
diameter size. The SAED patterns inserted in Figure 6 show
the ZnO single crystalline wire and can be indexed as the
hexagonal ZnO phase. This result corroborates the XRD patterns
presented in Figure 2a,b. The growth direction of the ZnO wires
[001] are indicated by SAED pattern images.

A contrast thickness between center (darker) and edge
(clearer), which are observed for the hexagonal transversal
section structure, is shown by TEM images in Figure 6a,b.
Flanges are also observed in the ZnO wire length for the
sample prepared for 1 h using conventional hydrothermal
methods.

An analysis of Figure 6 seems to indicate that the ZnO
nanowires are faceted. The facets forming these nanowires can
be polar (0001) and nonpolar (1010) and (1120). In this respect,
in a recent theoretical analysis by our group,3* the corresponding
values of the surface energy of both polar and nonpolar facets
of the ZnO system have been calculated.

4. Photoluminescence. Figure 7a,b shows the PL spectra of
the ZnO powders obtained under hydrothermal conditions with
and without microwaves. Numerous papers have discussed the
PL behavior of crystalline ZnO. When excited by short
wavelength ultraviolet radiations at room temperature, they
present a predominantly blue emission band. Herein, using 488
nm excitation wavelength there is predominance of the green
emission band.

Results of the PL emission of ZnO crystalline structures
recorded with a 488 nm wavelength argon-ion laser indicated
broad luminescence behavior in the visible-range spectra
(Figure 7). In the case of samples annealed at 2 h, presenting
high crystallinity (long-range order), according to XRD and
Raman the PL intensity dropped to virtually zero. These well-
ordered ZnO powders obtained after 2 h under hydrothermal
conditions with and without microwave exhibited low emis-
sion of the red PL component and blue PL component (498
nm, blue). The powder annealed at 15 min using the
conventional hydrothermal method also presented a low blue
PL emission.
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Figure 6. TEM images of ZnO crystals: (a) 1 h using the conventional hydrothermal method; (b) 1 h using the microwave-hydrothermal method.

The insets are SAED patterns taken from the individual ZnO wire.

The PL curves were analyzed using a decomposition
procedure with a Gaussian response function and a Fourier
decomposition/filtering algorithm. The Gaussian line shape
was used successfully to fit the PL peaks (inset, Figure 7).
The PL curves for the all samples are composed of five or
six PL components, herein two bands named green compo-
nent (maximum in 532.1 and 569.2 nm), a yellow-orange

component (maximum in 610.2 nm), and two red components
(maximum in 653.7 and 712.6 nm). Each color represents a
different type of electron transition and is linked to a specific
structural arrangement.

The intensity of the green PL component increases after
annealing for 15 min in both synthesis studied methods, as
shown in Figure 8a,b. In this annealing time, the materials
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Figure 7. Photoluminescence spectra of the ZnO powders excited with the 488 nm line of an argon ion laser using (a) conventional hydrothermal
and (b) microwave-hydrothermal methods. The inset is a PL. decomposition curve in six Gaussian peaks.

exhibited higher structural disorder. A green maximum
percentage area was observed for the sample obtained at 1 h
by the conventional hydrothermal method; see Figure 8a. This
high PL intensity seems to indicate that this material presents
an optimum structural order—disorder degree to occur with
the photoluminescence, which can be associated with different
ZnO configurations during the growth step, according to
Raman and particles average distribution results.

Then, disorder is linked to a modulation of oxygen in
relation to the [ZnOg4] cluster giving rise to interaction
between the [ZnOs3] clusters and V9, Vo, V§ species creating
complex clusters. In this sense, oxygen vacancies in ZnO
can occur in three different charge states: the [ZnO3.Vo]
complex states, which present two paired electrons N and is
neutral relative to the lattice, the singly ionized [ZnO3.Vo]
complex state, which has one unpaired electron 1, and the
[Zn05.V3] complex state, which does not present unpaired
electron and is doubly positively charged with respect to the
lattice.

We speculate that these oxygen vacancies induce new
energies in the band gap, which can be attributed to zinc—oxygen
vacancy centers. A hole in the acceptor and an electron in a
donor are created before donor excitation.

The following equations suggest that the trapped electron of
oxygen vacancy in the valence band is a necessary condition
for the transition of a valence-band hole in the conduction band
and can be applied for disordered ZnO (intermediate and short
ranges).

[ZnO,)* +[ZnO, * V{] —[Zn0,] +[ZnO5 - Vy] (1)

2

5. Theoretical Study of the Band Structure and DOS.
Over the past decade, improvements on the computational
methods and the increase of computer power have made it
possible to address, from first-principles calculations, condensed
system problems that are difficult to address experimentally. In
this section, an ordered and a disordered powder were theoreti-
cally modulated. The ordered powder can be linked to the ZnO-o
theoretical model and [ZnQO4] cluster. In the same way, the
Zn0O-d model can be linked to a structural disorder of the powder
and [ZnO3+ V5] complex cluster where Vi = V§, Vo, Vo. It
has to be pointed out that this disorder was experimentally
measured by Raman spectroscopy, TEM images and suggested
thought the previous knowledge of different configurations for
the ZnO.

[ZnO,J* + [ZnO; * V5| —[ZnO,] +[ZnO; + V5]

With these models the effects of the structural disorder can
be separately evaluated in terms of electronic structure. Then,
a theoretical study of the band structure and density of states
(DOS) projected in ordered and asymmetric models was
performed.

Figure 9a reports the calculated band structure of ZnO-o. The
top of the valence band (VB) and the bottom of the conduction
band (CB) are both at the I point, indicating the gap is direct.
The minimal direct gap is 2.97 eV. Figure 9b reports the
calculated band structure of ZnO-d. The gap is direct in I" point
and has a value of 2.93 eV. These results indicated that structural
defects induce the formation of new levels in the band gap of
disorder structure. These levels are responsible for the wide PL
emission.

The calculated total and atom-resolved density of states
(DOS) projected for the models ZnO-o0, ZnO-d are shown in
Figure 9, ranging from —5 eV below the top of the VB to +11
eV above and presenting the principal orbital that influences
the gap state.

For the ZnO-o, Figure 9a, the valence bands derive from 2p;,
2py, 2p; orbitals of O atoms and from transition-metal zinc (3d,,,
3d,., 3d,;) atomic orbitals, designated as “t,” by comparison
with the [ZnO4] regular cluster. Above these six bands are four
Zn (d2—y* and 3d;2) character bands designated as “e,”. For
the displaced model ZnO-d, Figure 9b, the VB is globally
constituted of O (2p,, 2p,, 2p.) character states and mainly on
the 3d state of zinc that was not displaced in an apparently
random splitting of bands. The presence of the 3d states in the
VB in the two models revel a strong bonding character between
O and Zn.

The excitation line of 488 nm has a corresponding energy of
2.54 eV and are less energetic than the calculated band gap of
Zn0O-o0 and ZnO-d. Previous theoretical results have demon-
strated that an increased displacement of the former lattice
induces a decrease of band gap energy.” Then the blue and
greenish luminescence are linked to shallow defects, and yellow-
orange-red light, to deeply inserted levels in the band gap. With
increased structural disorder there is the predominance of V§
species and then yellow-orange-red light emission. In the same
way the Vg species can be linked to shallow defects and blue-
green light in accordance with previous reported results.%
Moreover, oxygen vacancies tend to trap photogenerated
electrons. The charge transfer that occurs as proposed in eqs 1
and 2 creates electron and hole polarons that can be designated
as bipolarons.
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Figure 9. Calculated energy band structure and total and atom-projected density of states (DOS) for (a) ZnO-o0 and (b) ZnO-d.

In the complex, the [ZnO4]" clusters act as electron donors,
and the vacancy complex ] tends to trap electrons and/or holes
and [ZnOs3-V{] act as electron traps. After excitation of the
photon, the recombination and decay process follows the several
valid hypotheses presented in the literature.”®-102

This disorder is produced by clusters of different coordina-
tions [ZnOy4] and [ZnO;3 'V%], forming nano/microentities whose
size and order are determined by their time dependence. As the
time increases, the stabilization forces associated with the
polarization of the clusters are displaced becoming stronger than
the short-range repulsive cluster—cluster interactions stabilizing
the intermediate phase.

Conclusions

In summary, ZnO single crystals were easily prepared using
conventional hydrothermal and microwave-hydrothermal meth-
ods and their crystalline and optical properties were carefully
investigated. PL emission intensity depends on different types
of defects generated by possible configuration arrangement
interconversion in solution during the ZnO growth. On the basis
of X-ray diffraction, Raman spectroscopy, scanning electron
microscopy, transmission electron microscopy and photolumi-
nescence analysis, it was shown that intermediate- and short-
range structural order—disorder defects can be generated using
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distinct synthesis methods. The theoretical results point out that
these defects generate localized electronic levels above the
valence band and they are associated with a symmetry breaking
process, i.e., to the Zn displacement in the wurtzite ZnO type-
structure.
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