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Blue Luminescence of ZnO Nanoparticles Based on
Non-Equilibrium Processes: Defect Origins and

Emission Controls

By Haibo Zeng,*
Weiping Cai

High concentrations of defects are introduced into nanoscale ZnO through
non-equilibrium processes and resultant blue emissions are comprehensively
analyzed, focusing on defect origins and broad controls. Some ZnO
nanoparticles exhibit very strong blue emissions, the intensity of which first
increase and then decrease with annealing. These visible emissions exhibit
strong and interesting excitation dependences: 1) the optimal excitation
energy for blue emissions is near the bandgap energy, but the effective
excitation can obviously be lower, even 420 nm (2.95eV < E;=3.26eV); in
contrast, green emissions can be excited only by energies larger than the
bandgap energy; and, 2) there are several fixed emitting wavelengths at 415,
440, 455 and 488 nm in the blue wave band, which exhibit considerable
stability in different excitation and annealing conditions. Mechanisms for blue
emissions from ZnO are proposed with interstitial-zinc-related defect levels
as initial states. EPR spectra reveal the predominance of interstitial zinc in as-
prepared samples, and the evolutions of coexisting interstitial zinc and
oxygen vacancies with annealing. Furthermore, good controllability of visible
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have led to extensive studies of many
aspects of ZnO nanostructures, including
synthesis strategies, physical and chemical
properties, and applications.

However, in spite of several decades of
effort, some of the basic properties of ZnO
still remain unclear."*"®! In particular, the
identification of the dominant intrinsic
defects (oxygen vacancies, Vo, interstitial
zinc, Zn;, and hydrogen interstitials, H;)!"¢2*
and the origins of the defect-related emis-
sions in the visible region®>=* have been
controversial for quite a long time. The
control of intrinsic defects and the corre-
sponding effects on properties is of para-
mount importance in applications of ZnO.
For example, achieving p-type ZnO with
sufficient carrier concentration in a repro-
ducible way relies on striking a careful
balance between control of extrinsic doping

emissions is achieved, including the co-emission of blue and green emissions

and peak adjustment from blue to yellow.

1. Introduction

As awide-bandgap semiconductor, wurtzite ZnO —with an exciton
binding energy of 60 meV at room temperature (RT), which is
larger than those of the widely used semiconductors GaN (26 meV)
or ZnSe (20meV) and also larger than the RT thermal energy
(25meV) — has attracted the attention of researchers for several
decades due to its many importantapplications, especially in optics
and optoelectronics."~® Recently, the renewed interest in nano-
structured ZnO has been fueled by its attractive prospects for
applications including RT nanolasers, p-type doping and RT
ferromagnetic semiconductor nanomaterials.”~**! These prospects
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and intrinsic defect concentration.*>3®
Defect studies have been considered for
more than 40 years, but now need revisiting
in the context of novel applications using
nanostructured materials. Moreover, the relationships among
defect chemistry, processing and properties has notreceived much
attention.!"”)

Inthe photoluminescence (PL) spectra of ZnO, typically there are
emission bands in the ultraviolet (UV) and visible (green, yellow,
blue and violet) regions. The UV emission is usually considered as
the characteristic emission of ZnO,?”** and attributed to the band—
edge transition or the exciton combination.? Although the
emissions in the visible regions are universally considered to be
associated with the intrinsic or extrinsic defects in ZnO, extensive
controversies have existed for more than two decades on the clear
defect centers, and unambiguous electron transitions are not yet
known in detail.*” For green emissions, a number of different
hypotheses have been proposed, such as transition between singly
ionized oxygen vacancies and photoexcited holes,* transition
between electrons close to the conductive band and deeply trapped
holes at Vo™ 2% surface defects,*V etc. The yellow-orange
emissions have been assigned to interstitial oxygen and dislocation,
as well as Li dopants.["

Here, we focus on the origins and controllability of blue
emissions of ZnO nanoparticles. Due to ZnO’s good electric
parameters, avirulence and biological compatibility, the blue
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luminescence of ZnO nanoparticles would have potential in visible
light emission and biological fluorescence labeling applications.
However, blue and violet emissions of ZnO have previously been
highly undesirable, and the few reported emissions were very weak
in intensity.***? Thus, the biggest problems for the blue
emissions of ZnO are the unknown mechanisms, weak intensity
and poor controllability.

In this paper, strong blue emissions were observed from ZnO
nanoparticles based on non-equilibrium processes, including
laser ablation-induced extreme conditions!*** and zinc-rich
annealing. Comprehensive spectral studies, including the effect of
annealing and excitation, were implemented on these blue
emissions. Furthermore, the PL excitation (PLE) spectra and
electron paramagnetism (EPR) spectra were used to analyze the
features of excited states and related defects. As a result, the blue
emissions were attributed to the transitions involved in zinc
interstitials. Moreover, according to the built mechanisms, good
controllability was achieved, including the co-emission of blue and
green emissions, and adjustment of the emitting wavelength from
blue to yellow regions. This study may deepen the understanding
of defect-related emissions in ZnO, and extend the optic and
optoelectronic applications of ZnO nanostructures.

2. Results and Discussion
2.1. Structure Characterizations and Blue Emissions

In this study, ZnO nanoparticles produced highly non-equilibrium
processes — including laser ablation in liquid (LAL)"**** and
subsequent zinc-rich annealing — were selected as model materials
toinvestigate the origin and controllability of the blue emissions of
ZnO. When a laser beam with energy higher than the ablation
threshold acts on a solid zinc target in the liquid, the interaction
will instantaneously produce a plasma at high temperature, high
pressure and a high concentration (HTHPHC) of highly excited
species.*” Another special condition should be noticed: the
composition of plasma is remarkably zinc-enriched. Furthermore,
the formation of nanoparticles is very fast due to the huge
temperature difference between the hot plasma and the
surrounding liquid medium. As predicted by HagemarK's defect
reaction constants, the equilibrium concentrations of various
defects will exponentially increase with temperature if we suppose
that the formation of defects be in equilibrium states at every
instant time with fixed temperature.l'®*®! The high concentration
of defects formed at high temperature will be rapidly “frozen” in
the ZnO lattice due to the ultrafast quenching of hot plasma by the
surrounding liquid medium. Ischenko’s recent results also
demonstrated that the higher the formation rate of ZnO
nanocrystal, the more defective it is."”] These three factors,
including HTHPHC conditions, Zn-richness, and rapid forma-
tion rate, lead the growth thermodynamics of nanoparticles to
deviate greatly from the equilibrium states. Thus, the non-
equilibrium processes can induce a high concentration of special
defects, which is beneficial to the study of visible luminescence.

In principle, there are a number of defect states within the
bandgap of ZnO. The donor defects are Zn!*,Zn$, Zn¥, Ver, Vo
and Vo, and the acceptor defects are V4, and Vi, .'"*"! Zn
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interstitials and oxygen vacancies are known to be the predominant
ionic defect types.'®?°"*2 The former are shallow donors, while
oxygen vacancies create deep levels.**22% Other types of point
defects, such as Vz, and O; may also be thermodynamically
stabilized in the ZnO crystal lattice, but at higher oxygen partial
pressure.l*® However, which defect (Zn; or V) dominates in
native, undoped ZnO is still a matter of great controversy. Zn
interstitials come from the Frenkel reaction, Equation (1), and
further ionization reactions, Equation (2) and (3), while the oxygen
vacancies arise from the Schottky reaction, Equation (4), and
further ionization reactions, Equation (5) and (6). From these
defectreactions, it can be seen that the both kinds of defects donate
two electrons, and thus it is difficult to distinguish one from the
other using electrical measurements.

Zng, < ZnX + VX (1)
ZX¥ & Zn} +¢ (2)
Zn} & Zn!* +¢ ©)
0 VE +V§ (4)
Vo & Vo +¢ ®)
Vo & Ve 4 ¢ (6)

Figure 1a shows the XRD pattern of as-prepared nanoparticles
and its evolution with air annealing. For the as-prepared
nanoparticles, two sets of diffraction peaks can be observed,
belonging to metal Zn and wurtzite ZnO crystals. With increasing
annealing temperature, ZnO diffraction peaks increase while Zn
peaks decrease, clearly demonstrating the oxidation of Zn. To
check the change of ZnO lattice with annealing, normal Si powder
was mixed into ZnO nanoparticles for calibration. The mixed XRD
patterns in Figure 1b show the obvious deviation of ZnO(100)
diffraction peaks from the normal value. This could be the result of
high concentration of defects inside the formed ZnO lattice; the
reduction of these deviations indicates the relaxation of defects
induced by annealing. Figure 1c presents the change of lattice
parameter a wurtzite ZnO with annealing temperature.
Interestingly, the values all are above that expected for an ideal
ZnO lattice. The deviation is obviously reduced by annealing,
especially the high temperature annealing, butitremains ata high
level in the as-prepared and low temperature annealed samples.

TEM examinations in Figure 2a, b and ¢ have revealed that the
as-prepared nanoparticles are of Zn-core-ZnO-shell structure. Itis
worthy noticing that the shell layers contain many ultrafine
crystalline ZnO grains, with many disordered areas surrounding
them. This is in agreement with our previous results and indicates
thatthere could be a high concentration of defectin the ZnO layers.
After high temperature annealing, as shown in Figure 2d, almost
all particles are converted into pure and highly crystalline ZnO
particles. This coincides with the XRD evolutions in Figure 1.

These structural features indicate that the as-prepared ZnO
nanoparticles are rich in some kind of defect produced by non-
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equilibrium process, and such defects are sensitive to temperature
and can only withstand low temperature annealing.!*”) Recently,
Vlasenko et al. showed experimentally that interstitial zinc is a very
instable defect, but the oxygen vacancy is stable to around
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Figure 1. a) XRD patterns of as-prepared and air-annealed ZnO nanopar-
ticles; the dashed lines at ZnO(100) and Zn(001) indicate the composition
evolution from Zn/ZnO to ZnO. b), Comparison of ZnO(100) peaks before
and after annealing with Si(001) as calibration; the departure of ZnO(100)
demonstrates the defect-induced lattice expansion, which is larger in the
as-prepared sample. ¢) Changes of the a axis of ZnO with annealing
temperature.
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Zn core

Figure 2. TEM (a) and HRTEM (b and c) images of as-prepared ZnO
nanoparticles, showing the core-shell structure and partial disordered
microstructure in the shells, and HRTEM images (d) of nanoparticles
annealed at 400 °C in air.
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400 °C.[*") These experiment results are in agreement with Janotti
and Van de Walle’s calculation results that zinc interstitials are fast
diffusers with a migration barrier as low as 0.57 eV, while that for
oxygen vacancies is in the range 1.7 to 2.4 eV.>"!

Because of the different ionization energies, approximately in
the range 0.05 to 2.8¢eV,*” the relative concentrations of the
various defects depend strongly on formation temperature.
However, the partial pressure of oxygen and zinc, pO, and pZn,
respectively, are also very important.'®'® Under very reducing
conditions and at high temperatures, oxygen vacancies may
predominate.'® Depending on the relative pO,/pZn ratio, Zn
intersitials are the predominant defects under Zn vapor-rich
environments. Halliburton et al. implemented annealing of ZnO
crystals in zinc vapor at 1100 °C, and then observed formation of
zinc interstitials by EPR spectra.?"*?! According to Ba rouwer
diagram of ZnO, at low pO, and high pZn, it is probable that Zn
interstitials dominate, whereas at low pO, and low pZn, it is
probable that oxygen vacancies dominate.’*** Therefore, the
highly non-equilibrium processes used in this work, including low
pO; and high pZn, could produce high content of defects and Zn
interstitials could be predominant in the formed ZnO
nanoparticles.

Figure 3 presents the typical blue PL of these ZnO nanoparticles
and its evolution with annealing. All the spectra were excited by
the optimal excitation wavelength. The as-prepared ZnO
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nanoparticles exhibit a remarkable blue emission with peak at
440nm. The anneal effects on such blue emissions are very
interesting. The peak position of the blue emissions slightly red-
shifts from 440 to 455 nm on annealing in air (Fig. 3a), while it
remains almost the same on annealing in N, (Fig. 3b). However, a
giantenhancement of about 100 times is observed for the intensity
of blue emissions in both cases. Such an enhancement could be
induced by the oxidation of Zn cores, which quench the excited
states at the metal-semiconductor interfaces,'* and the evolution
of defect states described below. Compared with previous reports,
such strong blue emissions are very infrequent.[*>>>”] After high
temperature annealing, the usual band-edge emission in the UV
band and deep-level emission in the green band can be seen, as
shown in Figure 3c. This corresponds to the highly crystalline ZnO
particles, according to the XRD and TEM results in Figure 1 and 2.
The dependence of the intensity of blue emissions on annealing
temperature is clearly plotted in Figure 3d, from which the rapid
increase of intensity under low temperature annealing and sharp
quenching under high temperature annealing are both well
demonstrated.

Combining the above results and analyses, we can form a
temporary hypothesis that the blue emission of ZnO nanoparticles
could originate from transitions involving Zn interstitial defect
states. The highly non-equilibrium processes produce high
concentrate of Zn interstitials with different charges, including
neutral, single and double. The low tempera-
ture annealing provides enough ionization
energy and increases the concentration of

a, As-prepared
b, 200°C, 3h, N,
c,400°C, 3h, N,

charged Zn interstitials, strengthening the
blue emissions. The high temperature anneal-
ing induces the outward diffusion of Zn
interstitials and quenching of blue emissions.
The following results provide several further
evidences and phenomena to support such
hypothesis. Additionally, the enhancement of
blue emissions would benefit to the light
emitting and biological fluorescence labeling
applications of these ZnO nanoparticles.
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2.2. Excitation-Dependence and Excitation
Spectra

In order to understand the features of the
excited states related to these blue emissions,
the PL spectra were carefully measured under
different excitation energy. For the as-prepared
] sample (Fig. 4a), under excitation with energy
3 much larger than the bandgap (Curve a), the
] spectrum exhibits two wide emission bands in
blue and green regions. Two shoulders are
3 obvious at 415 and 440nm in the blue
] emission. When the excitations are selected
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Figure 3. Blue emissions and changes with annealing in air (a) and in N, (b) atmosphere.
c), Usual UV and green emissions after high temperature annealing. d) Intensity of blue emissions

versus annealing temperature in air and N, atmosphere.
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around the bandgap (Curve b and c), the lines
are unchanged in shape, with a dominant blue
emission at 440nm and a violet shoulder at
415nm, which become strongest under the
near-bandgap excitation (Curve c). The most
interesting observation is that the blue

1 1
400 600
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Figure 4. Excitation dependent PL of as-prepared (a), 200 °C air-annealed
(b), and 400 °C air-annealed ZnO nanoparticles. The first sample shows
unchanged blue emission peaks at 440nm, but blue emission peaks
slightly shifting from 455 to 488 nm in the second and third samples.

emission can also be excited by energies obviously lower than the
bandgap, even with an intensity about as high as about 70% of the
largest value, as shown in Curve d of Figure 4a. For the sample
annealed in air, similar situations can be observed (Fig. 4b and c).
The blue emissions can also be excited by energies slightly larger
than the bandgap and lower than the bandgap. For example, the
excitation wavelength in Curve e of Figure 4B can be as large as
420 nm with a slight decrease of emission intensity. The difference
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Figure 5. Excitation dependent PL of a) 200 and b) 400 °C Nj-annealed
ZnO nanoparticles. In the both spectra, the blue emission peaks are fixed in
440 nm with different relative intensity of green emissions.

is that the emitting peaks seem to red-shift from 455 to 488 nm
with increasing excitation wavelength. In Fig. 4c, more elaborate
excitation was applied; this leads to more green emissions under
above bandgap excitation. The change from green to blue emission
can be well seen with increasing of excitation wavelength, as well as
the intensity increasing after that.

From the samples annealed in N, in Figure 5, we can observe the
independence of blue and green emissions. After annealing at
200 °C in N,, the nanoparticles emit green emissions under high
energy excitation (Curve a and b), but the shoulders at 415 and
440 nm are still visible. Under near-bandgap excitation (Curve c
and d), the spectra change into blue emissions with a center at
440 nm. Even when the excitation energy is below the bandgap, the
intensity of blue emission just reduces slightly and the peak
position remains changeless, as shown in Curve e of Figure 5a.
Similar phenomena can be seen from the sample annealed at
400 °C in N, except for the lower intensity. Moreover, these results
demonstrate the significant difference between blue and green
emission. Firstly, there is no continuous shift from blue to green
emissions. Secondly, the green emissions can only be excited by
energies larger than the bandgap, but blue emissions are
preferentially excited by energies near the bandgap and obviously
can still be excited by energies lower than the bandgap.
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Figure 6. Changes of relative intensity and peak energy with excitation for
blue emissions at 455 to 488 nm with air annealing (a), and at 440 nm with
N, annealing (b).

Figure 6 shows the excitation dependence of blue emissions of
samples, including their intensities and peak positions. The blue
emissions have two significant features: 1) the intensity exhibits
nonlinear increase—decrease dependence, first increasing, then
reaching saturation at the bandgap energy as the optimal excitation
energy, and finally decreasing but still effectively emitting at
excitation energies below the bandgap energy, as shown in all of the
spectra in Figure 4 and 5; and, 2) the emitting wavelengths have
remarkable stability, the 440 nm emission with shoulder at415 nm
remain completely unchanged in their position, as shown in
Figure 4a and 5. Even under unsuitable excitation, such as 340 nm,
the positions of the corresponding shoulders are still pinned at415
and 440 nm, as shown in Curve ain Fig. 4a and 5. As to the redshift
in Figure 4b, it seems to be a feint because the blue emissions are
relatively broad and there are at least two components with fixed
wavelengths at455 and 488 nm. The observed redshiftis due to the
disappearance of the short-wavelength component of the emission
with increasing excitation wavelength. Comparatively, the green
emissions can be excited only by excitation above the band-edge
wavelength.

Such nonlinear intensity-dependent and stable emitting
wavelengths have never been observed previously with regard to
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the visible emissions of ZnO. Recently, Djurisi¢ et al. reported the
monotonic quenching and blue-shift of green emissions of ZnO
nanostructures with increasing excitation wavelength, and
suggested that the green emissions involve transitions from
shallow donor and deep acceptor levels.”® Zhang et al. reported the
monotonic quenching and red-shift of green emissions of
amorphous ZnO granular films, and attributed the green emission
to recombination of electrons trapped in the conduction band and
deeply trapped holes in oxygen vacancies.’?) Here, the first feature
of blue emissions demonstrates that the initial state of the
corresponding transitions should be below the conduction band-
edge. This ensures that it can effectively emit when the excitation
energy is below the bandgap energy. The second feature, pinning
of several emitting wavelengths, such as 415, 440, 455 and 488 nm,
indicates that there could be several sub-states related to the
involving defect center.

The PLE spectra of the typical green and blue emissions were
measured, as shownin Figure 7. For the typical green emission, the
PLE spectrum exhibits a peak at about 335 nm in the deep UV
region and sharply drops at about 350 nm (Fig. 7a), indicating that
the preferential excitation energy is much larger than the bandgap.
Interestingly, for the 455-488nm blue emission, the PLE
spectrum shows not only a peak at energy near bandgap but also
a slowly dropping tail, which continues into the violet region and
contains some structuring peaks, as shown in Fig. 7b. For the
440nm Dblue emission, the PLE spectra similarly exhibit a
preferential excitation peak near bandgap and tail in the violet
region, but the tail contains only one shoulder at about 410 nm.
These PLE results are in good agreement with the above excitation-
dependent PL spectra in Figure 4, 5, and 6. The flat tail extending
into the violet region verifies that the initial state is located below
the conduction band-edge, and the small peaks and shoulder
overlapping on the tail indicate the possible sub-states of the initial
state.

A detailed analysis of the initial states can be made from the
defect energy level and the defect formation energy. Among the six
types of point defects in ZnO lattice, Vo, Zn;, and Zng are donors,
while Vz,,, O;, and Oz, are acceptors. But, only Zn; is a shallow
donor!'620-22264% anq the corresponding defect level could be
located slightly below the conduction band-edge,'®'#1%? as
revealed by many theoretical calculations and experimental
results. Lin et al. calculated the energy levels of various defect
centers, and pointed out that the energy gap from the interstitial
zinc level to the valence band is about 2.9 eV.*”! Previously, Kroger
and Bylander experimentally determined that the Zn interstitial
level is 0.22eV below the conductive band-edge.'®*"! These
reported level positions are in very good agreement with the fixed
violet shoulder at 415 nm (2.95 eV) in the blue emissions of this
study. Look et al. observed a shallow donor with an ionization
energy of 30meV in ZnO crystal irradiated by high energy
electrons, and assigned it to Zn interstitial or Zn interstitial-related
complex defect.??! In typical cases, the formation energy of Zn
interstitials is very high, but it can be significantly reduced ina Zn-
rich environment according to reported calculation results.[®"¢?
Therefore, the observed initial state could be correlated to Zn
interstitials, and there could be several derivative levels with lower
energies involved in localization or coupling with other defects.!**]
Moreover, ZnO has a relatively open lattice structure, with
tetrahedral and octahedral sites for interstitial Zn atoms. The

Adv. Funct. Mater. 2010, 20, 561-572
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Figure 7. PLE spectra for typical green emission (a), blue emission at 455—
488 nm with air annealing (b), and blue emissions at 440 nm with N,
annealing (c).

octahedral sites are stable positions for Zn interstitials.” Finally,
the highly non-equilibrium processes in this work will greatly
advance the formation of high concentration of Zn interstitials.
Recently, Halliburton et al. observed an increased concentration of
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Figure 8. Proposed mechanisms of violet and blue emissions with Zn; as
the initial states.

free carriers in the ZnO crystal annealed in Zn vapor.®? They
attributed it to Zn intersitials being formed and also suggested that
the non-equilibrium conditions are beneficial for the formation of
Zn interstitials.

2.3. Proposed Origins of Blue Emissions

According to the above results about excited states of blue
emissions, we propose their origin to be as shown in Figure 8. The
violet and blue emissions are attributed to the transitions from Zn;
and extended Zn; states to the valance band, respectively. For the
violet emission, if the electrons are excited up to a sub-band of the
conduction band, they can first relax to Zn; state through a non-
radiative transition, and then transit to the valance band. According
to this mechanism, two excitation modes, with E; < E,, and
Ezi < Epx < E,, are effective for violet emissions. Blue emissions
can be attributed to the transition from extended Zn; states, which
are slightly below the simple Zn; state, to the valance band. These
extended states can be formed during the annealing process
according to the defect ionization reaction, Equation (2) and (3),
and can result in defect localization coupled with a disordered
lattice. According to such origins, the electrons can first transition
to the conduction band or Zn; state, then relax to extended Zn;
states, and finally transition to the valance band with blue
emissions. Therefore, three excitation modes, including those
withenergy of E; < Ey, Ezpi < Eex < Eg,and Epy_ 7y < Eox < Ezyi,
are effective for blue emissions.

These are in good agreement with the above excitation
dependence results, especially that, for blue emissions, the
bandgap energyis the optimal excitation energy but energies below
the bandgap are still effective. Here the extended Zn; states could
be ionized Zn;, complex defect or localized Zn; states. More
research is needed to make it clear, but a series of small peaks and
shoulders in the low-energy tails in the PLE spectrum have verified
their existence.

2.4. Electron Paramagnetic Resonance Spectra

One of the most powerful methods to identify the chemical nature
of impurities and native defects in solid state materials is EPR
spectroscopy. Because ZnO is expected to be diamagnetic, two
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types of paramagnetic signals are most possible to be observed.
The low-field signal with g-factor close to the free-electron value
(g=2.0023) is generally attributed to an unpaired electron trapped
onan oxygen vacancy site (g = 1.9965, 1.9948,2.0190 or 2.0106).1°*~
%1 The other, high-field signal at g=1.96, which has sometimes
been mistakenly attributed to unpaired electrons trapped on oxygen
vacancies,” has been reported to result from shallow donor
centers.|**% Regardless of extrinsic impurities in ZnO, e.g., Al, Ga
or In, it should be intrinsic Zn interstitials here. Moreover, Meyer
and Hofmann groups identify H intersitials as a shallow donor
overlapped on a Zn interstitial EPR high-field signal.””

The EPR spectra of as-prepared and annealed nanoparticles are
presented in Figure 9. Usually, the EPR spectra of ZnO grown by
the equilibrium process are smooth and narrow lines. However,
the spectrum of as-prepared sample, as shown in Figure 9a, is wide
and highly superimposed. This indicates that several kinds of
defects are contained in the sample. The EPR signals can be
separated to three components with g-factors 0o£2.01,1.96 and 1.97,
as shown by the inserted dashed lines. According to previous
reports, they can be assigned to oxygen vacancies, Zn interstitials,
and hydrogen interstitials from low-to high-field. Among them, Zn
interstitials are the predominant defects in the as-prepared ZnO
nanoparticles. This is in accord with the above analysis of the
preferential formation of Zn interstitials by a highly noneqilibrium
processes. Because the as-prepared sample exhibits dominant blue
emissions at 440 nm, such a Zn interstitial-dominant EPR signal
verifies the proposed origin based on the Zn interstitial initial state
of electron transition.

With annealing, the H interstitials rapidly disappear in the all
EPR spectra. This is in agreement with its high instability as
predicted by theoretical works.***”) The coexistence of oxygen
vacancies and Zn interstitials is maintained, but there emerge
several significant changes, including relative ratio, intensity and
width of EPR signals. The most intensive EPR signal is detected
after annealing at 200 °Cin air, as shown in Figure 9b. The V is the
predominant defect in this sample. These changes demonstrate
that large quantities of oxygen vacancies were formed by this
annealing treatment, but Zn interstitials could still preserve a high
level with relaxation. This agrees with the PL features that both
green and blue emissions are relatively strong with suitable
excitations and also with the stabilities of oxygen vacancies and Zn
interstitials predicted by theoretical calculations;*”! therefore, this
evidence also supports the proposed origins. Taking notice of
the low temperature applied in annealing, it is very difficult for the
external oxygen to diffuse freely into the lattice due to the
insufficient drive force. Therefore, the incomplete oxidation of Zn
cores inside nanoparticles would result in the formation of oxygen
vacancies.’*? This process will accompany the relaxation of Zn
interstitials. These two processes lead to the evolutions of co-
existing components of oxygen vacancies and Zn interstitials.

After annealing in N, at 400 °C (Fig. 9C), the narrowest EPR
spectrum was obtained with Zn interstitials as the dominant
defects, indicating a reduction in the number of defect types. With
annealing, H interstitials have completely diffused out, and the
newly formed oxygen vacancies are limited because the oxidation
behavior of the metal Zn cores is not obvious due to the inert
atmosphere. Such EPR signals are in good agreement with the
sample’s PLresults that the dominant emission is the fixed 440 nm
blue emission, but green emissions can also be excited.
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Figure 9. EPR spectra of as-prepared (a), air-annealed (b) and N,-
annealed (c) ZnO nanoparticles. The EPR signals exhibit coexistence of
Zn; and Vo, and changes of intensity, width, and relative component ratio.

2.5. Further Controls of Co-Emitting and Peak-Shift

The above results demonstrate that the defect states can be
adjusted by low temperature annealing, and the proposed
mechanisms suggest that the excited states can also be adjusted

Adv. Funct. Mater. 2010, 20, 561-572
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200°C 6h air annealed

PL Intensity (a.u.)

Excitation conditions:

a, 340 nm, 3.65eV

b, 365 nm, 3.40eV

¢, 375 nm, 3.31eV
Eg=3.28eV

dj, 380 nm, 3.26eV

e, 390 nm, 3.17eV

energy of the incident photons is just enough to
pump the electrons up to the Zn, energylevel but
not to the conductance band, a mass of electrons
can be directly trapped by the Zn; defect centers,
which will induce effective transitions from the
Zn; energy level to the valance band and other
deep levels, inducing violet, blue and yellow
emissions according to the energy differences.
These three types of emission can all emit with
below-E, excitation. In contrast, green emission
is usually only efficient under the above-E,
excitation, thus suggesting it to be from the
transition from the conduction band to deep
levels. This agrees with many previous reports.
As to the cooperative emission of multiple

0 550 % 600
Wavelength (nm)

<

Figure 10. Excitation-dependent PL spectra of 200°C air-annealed nanoparticles, displaying
controllable selection and co-emission of visible emissions. The proposed mechanisms are

denoted for violet, blue, green, and yellow emissions, respectively.

by selection of the excitation energy. Therefore, combining the
selection of annealing and excitation should be effective for the
control of blue emissions of ZnO nanoparticles.

Figure 10 shows the PL spectra of samples annealed at 200 °Cin
air and under various excitations. When the excitation energy is
larger than E,, the PL spectra (Curve a and b) exhibit a broad green
emission with center at 555 nm and a shoulder at yellow region.
The Gaussian fitting in Figure 11a clearly shows two sub-bands in
the green and yellow regions. With the excitation energy
decreasing, the green emission weakens but a new blue emission,
with center at 445 nm, emerges and increases. When the excitation
energy is near the bandgap, a very broad emission can be obtained,
as shown in Curve ¢, in which the blue and green emissions have
comparable intensity, forming a homogenous emission from
around 400 to 600 nm. Interestingly, the corresponding fitting in
Figure 11b presents five comparable emissions with centers at 417,
440, 472, 527, and 590 nm. This phenomenon indicates the co-
emission of transitions involving different defects. As the
excitation energy decreases below the bandgap, most of the green
emission is quenched except for a weak shoulder at 600 nm, and
the spectra are dominated by the blue emission with changeless
peak position, as shown in Curve d and e, and this can be described
well by the Gaussian fitting in Figure 11c.

The selection and co-emission of different visible emissions can
be well interpreted according to the above-proposed mechanisms,
as shown in the four inserted schemes in Figure 10. When the
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colors, this is the result of the coexistence of
. several types of defects and suitable excitations
A according to the proposed origins. This indi-
cates that more elaborate annealing can be
expected to enable controlled co-emission in the
visible region.

This provides an method combining anneal-
ing and excitation to control these polychromic
visible emissions of nanostructured ZnO,
including single band, multi-band and large-
region homogeneous emissions, exhibiting
different monochromes and mixed colors, even
including white. Along these lines, elaborate
annealing and excitation were carried out in
pursuit of more visible emissions. The spectra
and corresponding conditions are presented in
Figure 12. A series of relatively homochromous
visible emissions can be obtained with centers
from 440 to 555nm. Such abundant adjustments will greatly
benefit the applications of ZnO nanoparticles in light emission,
display devices, biological labeling, and so on.

These results point to an interesting issue: some key properties
of ZnO depend not only on intrinsic parameters, such as the crystal
structure, bulk composition and morphology, but also on the type
and number of defects. Therefore, itis necessary to control notonly
the composition and morphology but also the defect structure for
nanostructures.

3. Conclusions

1. Highly defective nanocrystalline ZnO can be prepared far
from thermodynamic equilibrium, for example, by laser abla-
tion in liquid with local extreme conditions of high tempera-
ture, high pressure and high concentration of highly excited
species, and subsequent zinc-rich annealing. This assumption
is in good agreement with recent theoretical calculation of
thermodynamic stability of defects in ZnO.

2. The presence of defects formed in highly non-equilibrium
conditions had a significant impact on the luminescence of
ZnO. These ZnO nanoparticles exhibit very strong blue emis-
sions, the intensity of which first increases and then decreases
with annealing. Significantly, strong and interesting excitation-
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Figure 11. Gaussian fitting curves of green (a), blue-green (b), and blue
(c) emissions, exibiting several sub-bands with similar peak positions to
those observed in excitation-dependent PL spectra.

dependence was observed for these visible emissions for the
first time: 1) the optimal excitation energy for blue emissions
is near the bandgap energy, but the effective excitation can
obviously be less than it, while green emissions can be excited
only by energies larger than bandgap energy; and, 2) there are
several fixed emission wavelengths at 415, 440, 455 and
488 nm for the blue emissions.

3. Combined with reported defect energy levels and formation
thermodynamics, the origins of the defect state of Zn; and
derivative extended states as initial states for electron tran-
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Figure 12. Normalized visible emissions of ZnO nanoparticles with con-
trollable peak positions from blue to green regions.

Table 1. Annealing and excitation conditions applied for controllable
emissions in Figure 12.

Sample Conditions Excitation [nm] Emission [nm]
a As-prepared 370 440
b Air 400°C 3h 370 455
c Air 400°C 3h 420 488
d Air 400°C 3 h 340 510
e Air 300°C 6h 340 545
f Air 200°C 6h 340 555

sitions are proposed. EPR spectra revealed the predominance
of Zn, in as-prepared samples, and the changes of coexisting
Zn; and oxygen vacancies with annealing. These EPR results
further verify the proposed origins.

4. Furthermore, according to the observed phenomena and built
mechanisms, good controllability was achieved, including the
co-emission of blue and green emissions, and adjustment of
the emitting wavelength from blue to green regions.

5. The completely different behavior of green emissions in
excitation dependence PL and EPR provide support that it
originated from the transition from the conduction band to
deep defect levels.

This work provides information towards the final clarification of
the origins of defect-related emissions in ZnO nanostructures, and
extends the optical and electronic applications of nanostructured
ZnO. What becomes obvious from these findings is that control of
morphology (i.e., “size and shape”) and composition is not
sufficient for materials at the nanoscale. Controlling materials
properties, which is the highest goal of contemporary nanotech-
nology, needs to involve the control of defects as well.

4. Experimental

Laser Ablation in Liquid Synthesis: The laser ablation of a zinc target is
performed in an aqueous solution with sodium dodecyl sulfate (SDS), as
previously reported in detail elsewhere [43,44]. Briefly, A zinc plate
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(99.99%) was fixed on a bracket in a glass vessel filled with 10mL SDS
(99.5%) aqueous solution (0.05 m). The plate was ablated (irradiated) for
30 min by the first harmonic of a Nd:YAG laser (1064 nm, frequency 10 Hz,
pulse duration 10ns) with power 70mJ pulse”'. The laser beam was
focused on the metal plate with a beam size of about 2mm in diameter
using a lens with a focal length of 150 mm.

Annealing of Nanoparticles: After synthesis by laser ablation, all of the
colloidal suspensions were centrifuged at 14 000 rpm, ultrasonically rinsed
with ethanol at least five times, and air dried in an oven at 40 °C. Some
obtained powder products were annealed in a tube-type stove with
program-controlled temperature and different atmospheres.

Characterizations: The obtained samples were characterized by x-ray
diffraction (XRD, Philips X'Pert with Cu K« line of 0.15419nm),
transmission electron microscopy (TEM, JEM-200CX), and high resolution
transmission electron microscopy (HRTEM, JEOL-2010). The PL and PLE
spectra were measured using He-Cd laser excitation (wavelength 325nm)
at room temperature and Xe lamp excitation (Edinburgh luminescence
spectrometer FLS 920) with different excitation wavelengths at different
temperatures. The electron paramagnetic resonance (EPR) measurement
was conducted on an EPR-200 spectrometer using an X band (9.65 GHz).
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