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Abstract

ZnO nanoparticles have been fabricated by pulsed laser ablation (PLA) of a zinc target in surfactant-free aqueous solutions, and surface chemistry
effects on the green photoluminescence of ZnO nanoparticles were also investigated. The conspicuously stable, well-defined ZnO nanoparticles
with very narrow size distribution were obtained by ablation of the Zn target under surfactant-free acidic or basic conditions due to the increased
surface charge of nanoparticles compared to those prepared in deionized water. However, the ZnO nanoparticles produced in NaCl solution strongly
coalesced due to the decreased surface charge of nanoparticles. Moreover, the green-to-exciton emission intensity ratio progressively increased
with the particle average size decrease. This suggests that larger surface area for smaller nanoparticles produced more oxygen defects in the ZnO
nanoparticles. Further experimental results on passivation of the nanoparticles with a surfactant, lauryl dimethylaminoacetic acid betaine (LDA),
and post-reduction of the surface charge of the ZnO suspension, indicated that the green emission from ZnO nanoparticles obtained under the
acidic condition originated partially from surface oxygen defects, while the green emission from those under the basic condition is primarily due

to the defects below the crystalline ZnO nanoparticle surface, not from the surface itself.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO has received much attention as an effective luminescent
material due to its relatively high efficiency as a novel, low-
voltage phosphor and for its potential application in the green
range for vacuum fluorescent and field emission displays [1-3].
Inspired by the application of ZnO, a few groups have started
to investigate the nature of the green luminescence from ZnO
[3-10]. Recent results proved that the ionized oxygen vacancy
was the main defect for the recombination centers involved in the
green luminescence of ZnO resulting from the recombination of
a photogenerated hole with the ionized charge state of the defect
[1,2,4,7,9], although other researchers hypothesized that extrin-
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sic Cu impurities in the earlier study [11] and Zn vacancy [3,12]
were the centers responsible for green luminescence. Despite the
progress in studies on the green luminescence of ZnO, there are
still unresolved issues as to what are the relevant native defects
of this oxide, since most of the properties of ZnO depend in
various ways on the defects that are present in the material [3].

A large variation of the green luminescence properties of
Zn0, including the peak position by the preparation conditions,
have already been reported in the literature, and these were
generally related to morphology, structure, particle size, compo-
sition and crystallinity [1,4-7,9,10,13—18]. Until now, most of
the well-defined ZnO crystals have been synthesized by a tradi-
tional method based on the high-temperature solid-state method
[14,19-21] or the chemical-solution route [10,13,22,23]. These
methods usually involve a post-annealing treatment process for
crystallization of ZnO in a reducing or oxidizing atmosphere.
Thus, the number of vacancies can be varied, leading to a change
in the visible photoluminescence intensity. Furthermore, the
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green emission arising from the oxygen vacancies is sensitive
to the molecular species present at the surface [24,25]. Thus,
it is difficult to prepare ZnO particles without any surface con-
tamination by residual ions or chemical agents. In this regard,
a fabrication method for crystalline ZnO with a native surface
at room temperature is needed. Recently, pulsed laser ablation
(PLA) in liquid media has been found to provide an efficient
route to prepare many kinds of nano-scaled materials [26-32].
The most important advantage of PLA in aqueous media is the
ability to directly produce crystalline nanoparticles with a native
surface, which cannot be achieved by other fabrication methods
such as solid-state or chemical methods. In this PLA process
in liquid media, strong reactions may take place between the
ablated species and encountered solution molecules, and thus
the nanocrystals can be prepared after rapid reactive quench-
ing in liquid. However, the nanoparticles prepared by PLA in
deionized water have a rather large size distribution because
of the post-ablation coalescence of nanoclusters. Therefore, the
growth control of nanoparticles and the stability of the dispersed
ZnO nanoparticles are significantly important. One approach
is to limit excess coalescence of nanoparticles by physical or
chemical interaction with specific molecules such as surfactants
[27-31]. In a previous study, stable ZnO nanocrystals with small
size distribution were obtained by PLA in a surfactant aqueous
solution above the critical micelle concentration (CMC). The
green emission of the ZnO nanocrystals was partially or com-
pletely suppressed, since the micelle structure formation played
arole in effectively passivating the oxygen vacancy. The surface
of the nanoparticles, however, was no longer naked [31]. This
makes it difficult to derive some conclusions on the origin of the
green luminescence intensity and defect concentration related
to surface and/or sub-surface defect in ZnO particles. This sit-
uation inspired us to prepare the small particles by controlling
surface charge of nanoparticles via the pH value of the solution
to inhibit their coalescence during PLA process.

In this study, small ZnO nanoparticles with native surfaces
were prepared by pulsed laser ablation at room temperature
in surfactant-free aqueous media. It was expected that ZnO
nanoparticles with green emission can be obtained by PLA in
surfactant-free aqueous media since high density surface defects
are possibly formed by rapid quenching process of PLA in lig-
uid inducing charged particle surface. One further aim was to
examine the enhancement mechanism of green photolumines-
cence of ZnO nanoparticles and the oxygen vacancies from the
surface and/or the sub-surface of the nanoparticles contributed
to the green emission for ZnO nanoparticles.

2. Experimental

ZnO nanoparticles were produced by pulsed laser ablation
of a Zn plate (99.99%) placed on the bottom of an open Pyrex
vessel filled with 10 mL of deionized water (>18 M2, pH 7.51)
or various aqueous solutions. The aqueous solutions of HCI (pH
5.36) and NaOH (pH 11.98) were prepared from standard solu-
tions of 0.1 M HCI and 0.1 M NaOH. A NaCl aqueous solution
in 10mM (pH 7.15) was obtained by dissolving reagent-grade
NaCl. The surface of the Zn plate was polished with 600-grade

emery paper before each experiment. A focused Nd: YAG laser
(Spectra-Physics, LAB-150-10) operated at 10 Hz with a wave-
length of 355 nm and pulse width of 7 ns was vertically irradiated
onto a Zn plate placed in aqueous solution. The laser beam was
focused on the target plate surface with a beam size of 1.0 mm
in diameter using a quartz lens with a focal length of 250 nm. In
general, laser intensity of 100 mJ/pulse was employed to ablate
a zinc plate for 60 min. After ablation, all solutions became
slightly turbid but were still transparent.

The optical properties of the obtained nascent suspensions
were measured at room temperature by a Shimadzu UV-2100PC
spectrophotometer and a Shimadzu RF-5300PC fluorescence
spectrophotometer without a cutoff filter at room temperature
under an excitation of wavelength 340 nm (3.65 eV) (340 nm was
selected as excited wavelength to avoid the overlap of the exci-
ton emission and solvent Raman peak, so that the solvent Raman
peak can be subtracted from the PL spectrum during the calcula-
tion of the ratio of green emission intensity to exciton emission
intensity). Zeta potential measurements were performed using a
Zetasizer Nano-ZS meter. These colloid suspensions were cen-
trifuged at 50,000 rpm for 45 min by an ultracentrifuge (Hitachi
CS100GXL with an S100AT6 rotor) to purify and concen-
trate the products. Electron micrographs using a field emission
scanning electron microscopy (FESEM, Hitachi S-4800) and
a transmittance electron microscopy (TEM, JEOL JEM-2010)
were obtained from nanoparticles by placing a drop of the sus-
pension on a carbon-coated copper grid. Each size distribution
of the nanoparticles was obtained by measuring the diameters
of 100 nanoparticles on a given FESEM image. X-ray diffrac-
tion (XRD, Rigaku RAD-C) measurement using Cu Ko line
(A =0.15406 nm) was performed for the dried film from the
concentrated suspension on a quartz glass.

3. Results and discussion
3.1. Characterization of ZnO nanoparticles

Fig. 1 depicts X-ray diffraction patterns of nanoparticles
obtained by PLA of a Zn plate in different aqueous solutions. For
all fabrication conditions, XRD data show that these nanopar-
ticles possessed the hexagonal wurtzite structure with lattice
constants of a=3.247 and ¢=5.202 A, which were consistent
with the values in the database of ZnO (JCPDS 89-1397). No
diffraction peak from Zn or other impurities was detected.

Fig. 2 presents the TEM images of ZnO nanoparticles pro-
duced in water and HCI solution (pH 5.36). They are spherical,
and the electron diffraction patterns in the insets reveal that ZnO
nanoparticles were formed by laser ablation of a Zn plate in these
aqueous media. The nanoparticles produced in HCl (Fig. 2b)
were comparatively small. Fig. 3 compares the size distribution
of ZnO nanoparticles produced in different aqueous media. The
average particle size and the standard deviation of particle size
produced in HC1 and NaOH solutions were smaller (15 4+ 6 nm
for HCI, pH 5.36; 20 & 8 nm for NaOH, pH 11.98) than those
prepared in deionized water (23 &£ 11 nm, pH 7.51). In our previ-
ous study on ZnO nanoparticle preparation in various surfactant
solutions, amphoteric surfactant LDA provided the smallest size
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Fig. 1. XRD spectraof ZnO nanoparticles obtained by laser ablation in deionized
water and aqueous solutions.

Fig. 2. TEM images of ZnO nanoparticles prepared by PLA of Zn in (a) deion-
ized water (pH 7.51); (b) HCl solution (pH 5.36). Insets display the selected area
electron diffraction pattern.

and standard deviation of produced ZnO nanoparticles [31].
However, the nanoparticles produced in surfactant-free HCI and
NaOH solutions had comparable average size and standard devi-
ation to those produced in LDA surfactant solution. These results
indicate that the presence of acid or base controlled the nanopar-
ticle growth during the PLA process in aqueous solution; i.e. the
population of the large nanoparticle presented in deionized water
under identical ablation conditions was suppressed under the
acidic and basic media. However, the average particle size and
the standard deviation of particle size produced in 10 mM NaCl
solution was 26 £ 15 nm, larger than those prepared in water.
Fig. 4 presents the absorption spectra of ZnO nanoparticles pro-
duced in different aqueous media. As can be seen, the absorption
of ZnO produced in HCl and NaOH was much larger in UV range
than that of nanoparticles produced in deionized water, which
is attributed to enhanced Rayleigh scattering [33,34], due to the
production of much smaller nanoparticles in HCI and NaOH.
Furthermore, it was observed that ZnO nanoparticles prepared at
pH 5.36 or pH 11.98 exhibited much conspicuous stability with
no obvious change of the corresponding optical spectrum during
aging for several days. In contrast, the absorption edge of ZnO
produced in the NaCl solution was broader and weaker than that
of nanoparticles produced in water, indicating the aggregation
of nanoparticles or formation of larger nanoparticles.

3.2. Average particle size and photoluminescence of ZnO
nanoparticles in different media

The typical photoluminescence spectra of ZnO produced in
the different media are presented in Fig. 5. All the spectra exhib-
ited an UV emission band around 3.40 eV (365 nm). The peak at
3.25eV (382 nm) can be attributed to a solvent Raman peak at
0.40eV (3240cm™!, corresponding to an OH-vibration) below
the excitation energy of 3.65 eV (340 nm) [4,31,35]. The intense
broad emission centered at 2.30eV (540 nm) was also observed
in the green region. There are two kinds of emission bands of
UV and green in the ZnO crystals [1,2,4,6,7,9,10,13,25]. The
emission in the UV region is attributed to the recombination
between electrons in the conduction band and the holes in the
valence band (exciton emission). The green emission is related
to the defects in ZnO, and the peaks from 2.13 to 2.51 eV were
attributed to oxygen vacancies [1,5-7,9,10,13,14,16—-18]. In our
present study, the green emission at 2.30eV from ZnO orig-
inated from oxygen vacancies because nanoparticles prepared
by PLA were grown under insufficient oxidation conditions
[29,31]. The inhomogeneous broadening of the green band in all
cases resulted from a distribution in nanoparticle sizes, accord-
ing to some reports [25,35].

It should be noticed from Fig. 5 that the green emission
intensity was strong compared to the exciton emission inten-
sity when ZnO was produced in acidic or basic media, while the
green emission intensity was somewhat weaker than the exciton
emission intensity when ZnO was produced in salt solution or
deionized water. Generally, these emission processes compete
with each other, and this means that the green emission process
must involve a step in which the photogenerated hole is effi-
ciently trapped somewhere in the particles [35]. The rate of this



C. He et al. / Journal of Photochemistry and Photobiology A: Chemistry 191 (2007) 66-73 69

30F
(a) Av =23 nm
SD=11nm
3
>
)
c
[
=]
T
o
[

30 40 50 60 70 80
Particle size (nm)

30+ (©) N Av =20 nm
§ SD=8nm
9 N\
Lot p o
& NN
A
ot
g DMUMD

0 10

N g

0 30 40 50 60 70 80
Particle size (nm)

(b)

Av =15nm
SD=6nm

40}

30+

Frequency (%)
3

N

7

v
7/

\

0 30 40 50 80 70 80
Particle size (nm)

AN

(=]
-
o
n

307(d) 5 Av =26 nm
a § SD=15nm
ol N
L
L;E_ 10 §§

\\\Y
B §§&§§\\\\&-uu

0o 1

o

20 30 40 50 60 70 80
Particle size (nm)

Fig. 3. Size distribution of ZnO nanoparticles prepared by PLA of Zn in (a) deionized water (pH 7.51); (b) HCI solution (pH 5.36); (c) NaOH solution (pH 11.98);
and (d) 10 mM NacCl solution (pH 7.15). Av and SD present the average and standard derivation of the corresponding particle size distribution.

hole trapping must be much faster than the recombination of
the exciton emission for the strong green emission of ZnO pro-
duced in acidic or basic media. Efficient and fast trapping of the
photogenerated holes at the surface sites is expected due to the
large surface-to-volume ratio of smaller nanoparticles produced
in acidic or basic media.

The above results indicated that OH™ and H interacted with
the ZnO surface and controlled the growth of nanoparticles.
They also affected the green emission. To clarify the effect of
OH™~ and H* concentration, we measured the pH dependence of
zeta potential of ZnO nanoparticles produced by PLA of Zn in
10 mM NaCl aqueous solution with different pH values adjusted
by adding diluted HCI or NaOH. A conductive NaCl aqueous

0.8
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NaOH (pH 11.98)
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200 300 400 500 600 700 800
Wavelength (nm)

Fig. 4. Absorption spectra of ZnO nanoparticles prepared by PLA of Zn in
deionized water and aqueous solutions.

solution was required for precise zeta potential measurement.
As shown from curve a in Fig. 6, the zeta potential gradually
decreased from a large positive value on the acidic side to a large
negative value on the basic side, by crossing the zero value when
the pH value was around 9.5. Above or below this crucial pH,
the absolute value of zeta potential increased and nanoparticles
were charged. This charging led to an increase of the electro-
static repulsion by exceeding the van der Waals attractive forces,
and hence disturbed the coagulation.

The zeta potential measurement of ZnO nanoparticles as
a function of pH confirmed the presence of hydroxyl groups

Solvent Raman peak ~_,
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Fig. 5. Photoluminescence spectra of ZnO nanoparticles prepared by PLA of
Zn in deionized water and aqueous solutions. Excitation wavelength: 340 nm
(3.65¢eV). Slit width: 3.0 nm.
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Fig. 6. Zeta potential of ZnO nanoparticles (a) produced by PLA of Zn in NaCl
aqueous solution (10 mM) with different pH values adjusted by adding dilute
HClor NaOH, and (b) produced by PLA of Zn in deionized water and subsequent
pH adjustment by HCI or NaOH.

on the ZnO nanoparticle surface. Indeed, the concentrations
of these groups (-ZnOH,*, ~ZnOH, -ZnO~) depend on the
pH of the solution [36]. The ~ZnOH,* and —~ZnOH are dom-
inant at lower pH, while —ZnO~ is dominant at higher pH.
The high absolute surface charge of the nanoparticles produced
in HCl or NaOH solution provided repulsive force between
nanoparticles and suppressed the growth through coagulation.
The large ZnO nanoparticles produced in salt solution were
also related to the low surface charge, as estimated from the
zeta potential after laser ablation of 7mV. This result indi-
cates that chlorine ions from NaCl reacted with the —ZnOH,*,
transferring their negative charge to the positive nanoparti-
cles [32], so that the net surface charge of ZnO decreased.
Therefore, the nanoparticles were grown in the PLA process in
salt solution under reduced electrostatic repulsion between the
nanoparticles.

To better understand the pH effect, we investigated the aver-
age size and the green-to-exciton emission intensity ratio of
ZnO nanoparticles produced in HCI or NaOH solutions with
various pH values. As can be seen from curve A in Fig. 7a,
their photoluminescence properties strongly depended on the pH
value. The green-to-exciton emission intensity ratio decreased
as solution pH increased to 9.5 with the lowest green emis-
sion and then increased with further pH increase above 9.5.
The strong green luminescence was achieved for ZnO nanopar-
ticles produced in aqueous media above or below the crucial
pH. It should be noted that the pH value 9.5 with a lowest
green emission matched well with the pH value having zero zeta
potential. Combined with the results that smaller nanoparticles
were obtained in aqueous solution with relatively lower or higher
pH (curve B in Fig. 7a), it is obvious that the enhanced green
luminescence intensity is related to the size of ZnO nanoparti-
cles. Indeed, according to previous studies, the green intensity
is strongly dependent on defect concentration [2,6,10,37]. The
results demonstrate that the green-to-exciton emission intensity
ratio progressively increased as the particle size decreased. Since
in the present experiment, ZnO nanoparticles were prepared by
PLA in aqueous solutions under the same experimental con-
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Fig. 7. (a) Integrated intensity ratio of green-to-exciton emission and average
size of ZnO nanoparticles produced in solutions with various pH values. (b)
Normalized curves of the green emission spectra of ZnO nanoparticles produced
in solutions with various pH values. Excitation wavelength: 340 nm (3.65eV).
Slit width: +3.0 nm.

ditions, except for the different pH value, it is possible that
the density of oxygen vacancy on nanoparticles produced in
different solutions is constant during each batch reaction. There-
fore, it can be concluded that the higher surface area of smaller
nanoparticles provides more defects in the ZnO nanoparticle
surface region. In order to compare the variations of green
emission peak shape at different pH values, the spectra were
normalized to the maximum value (Fig. 7b). The main peak
positions of green luminescence at 2.30eV (540 nm) were not
influenced by pH values and the narrower peak width of the
green luminescence corresponded to the smaller nanoparticle.
The progressive increase of the green emission with the same
peak position at different pH values was not due to the appear-
ance of a new kind of intrinsic defect in ZnO, but rather to
the increase in the concentration of the same type of intrin-
sic defect. However, it is not clear from these data whether
oxygen vacancies from the surface and/or the sub-surface of
the nanoparticles contributed to the green emission for ZnO
nanoparticles.

3.3. Post-treatment effects on emission intensity of ZnO
nanoparticles

In an attempt to answer the remaining issues, the ZnO
nanoparticles were fabricated for two typical conditions (pH
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5.36 and pH 11.98) and the variation of the obtained photolu-
minescence spectra of ZnO was compared by adding 0.01 M of
amphoteric surfactant, lauryl dimethylaminoacetic acid (LDA),
to examine the effect of the post-quenching on green emis-
sion. Fig. 8a demonstrates that the visible emission was partially
quenched and UV emission simultaneously increased by post-
addition of LDA when ZnO was produced in an acidic condition.
The zeta potential of the colloidal solution after addition of LDA
was +22.0mV, less than +30.0 mV of the nascent solution imme-
diately after laser ablation. The decreased zeta potential indicates
that the amphoteric LDA adsorbed electrostatically via the
anionic carboxyl headgroup ~-OOCCH,(CH3),N*(CH,){CHj3
on the positively charged ZnO surface. Anionic oxygen in the
surfactant molecules can occupy the oxygen vacancy sites on
the ZnO nanoparticle surface, so that the oxygen vacancy can
be complemented by coating the nanoparticles with LDA. This
result indicates that part of the green emission originated from
oxygen vacancies located on the surface, which were sensitive
to surfactant molecules.

In contrast, Fig. 7b demonstrates that no significant change
due to LDA addition was observed in the green emission inten-
sity of negatively charged ZnO nanoparticles produced in the
basic condition. Furthermore, the zeta potential was changed
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Fig. 8. Post-addition effect of LDA on the green emission of ZnO produced in
(a) HCl solution (pH 5.36) and (b) NaOH solution (pH 11.98).

from —44.6 to —53.0mV, a more negatively charged state,
by LDA addition. This change is possibly explained as fol-
lows. The electrostatic interaction between negatively charged
ZnO nanoparticles and anionic carboxyl groups at the end of
LDA molecule is not dominant, leading to a weak interac-
tion between ZnO and the nonpolar hydrophobic part of LDA,
which probably directs the hydrophilic group outward to the
polar water to form micelles due to hydrophobic interaction
[38]. Thus, defects on the ZnO surface were not passivated at
all, and the whole nanoparticle surface was more negatively
charged due to the carbonyl group of LDA. Therefore, this
data alone is not sufficient to determine whether the green
emission from ZnO nanoparticles produced under the basic
condition originated from defects on the surface or the sub-
surface.

To further clarify whether green emission originates from
the surface and/or the sub-surface of the ZnO nanoparticles
produced under the basic condition, we compared the post-
aggregation effects by pH change on the emission intensity
under two typical pH conditions. First, we monitored the emis-
sion intensity change of the ZnO colloidal solution produced
in the acidic condition at 5.36 by adding dilute NaOH solution
to increase the pH value to 7.80, and then to 11.00 (from A to
B and then to C in Fig. 9a). The intensity of the green emis-
sion decreased considerably while that of the exciton emission
increased. Simultaneously, the absorbance decreased progres-
sively with the addition of dilute NaOH solution to the ZnO
colloidal solution, as depicted in the inset of Fig. 9a. Moreover,
the zeta potential decreased when the pH was increased to 7.80
(curve b in Fig. 6), which induced the aggregation of nanopar-
ticles. The results suggest that the decreased green emission
might be associated with the decrease of oxygen vacancies on
the surface and/or sub-surface of ZnO nanoparticles induced by
nanoparticle aggregation. Although we cannot infer the exact
fraction of defect concentration from surface or from sub-
surface during this post-aggregation process that contributed to
the decreased green emission, this post-aggregation may affect
the defect concentration below the ZnO surface to some extent.
However, the intensity of the green emission showed no obvious
increase, as the pH value was re-adjusted to the acidic side at
pH 6.5 again (from C to D in Fig. 9a), indicating that this post-
aggregation process was irreversible and disaggregation did not
proceed.

In contrast, the green emission intensity from ZnO nanopar-
ticles produced in the NaOH solution (pH 11.98) exhibited only
a slight change when the pH was decreased by adding dilute
HCI solution to the ZnO colloidal solution (Fig. 9b). However,
the decrease in absorption (the inset of Fig. 9b) and the absolute
value of zeta potential (curve b in Fig. 6) indicates that small ZnO
nanoparticles had experienced post-aggregation. The insignifi-
cant decrease of green emission is also related to the features of
post-aggregation, which resulted in the decrease of defect con-
centration from the ZnO surface and/or the sub-surface. The fact
that the zeta potential of ZnO nanoparticles produced under the
basic condition was negative means that the oxygen vacancies on
the ZnO surface can be passivated by the adsorption of hydroxyl
ions in the solution. Therefore, the defect concentration of oxy-
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gen vacancy located at the nanoparticle surface is less than the
former case, and the green emission centers are mostly attributed
to oxygen vacancies from the sub-surface of nanoparticles, not
from the surface.

4. Conclusion

Pulsed laser ablation of a zinc target in aqueous solutions was
used to produce ZnO nanoparticles with particle size control.
Very stable ZnO nanoparticles with very narrow size distribution
were produced by ablation of a Zn target under acidic or basic
condition due to the high absolute surface charge of nanopar-
ticles. In contrast, the ZnO nanoparticles produced in NaCl
solution coalesced strongly. Furthermore, the intensity of green
emission increased while that of the exciton emission decreased
as the particle size decrease due to more oxygen defects in the
smaller ZnO nanoparticle. We found that the green emission
from ZnO nanoparticles obtained under the acidic condition
originated partially from surface defects, while the green emis-
sion from ZnO nanoparticles produced under the basic condition

originated primarily from the defects below the crystalline ZnO
nanoparticle surface, not from the surface itself.
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