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Abstract A novel pulsed laser ablation process in liquid was investigated to prepare scheelite-type ceramic [calcium
tungstate (CaWQ,) and calcium molybdate (CaMoO,)] nanocolloidal particles. The crystalline phase, particle morphology,
particle size distribution, absorbance and optical band-gap were investigated. Stable colloidal suspensions consisting of well-
dispersed CaWO, and CaMoO, nanoparticles with narrow size distribution could be obtained without any surfactant.
Particle tracking analysis using optical microscope combined with image analysis was applied for a fast determination of
particle size distribution in the prepared nanocolloidal suspensions. The mean nanoparticle size of CaWO, and CaMoO,
colloidal nanoparticles were 16 nm and 30 nm, with the standard deviations of 2.1 and 5.2 nm, respectively. The optical
absorption edges showed blue-shifted values about 60~70 nm than those of reported in bulk crystals. And also, the
estimated optical energy band-gaps of CaWO, and CaMoO, colloidal particles were 5.2 and 4.7 eV. The observed band-gap
widening and blue-shift of the optical absorbance could be ascribed to the quantum confinement effect due to the very
small size of the CaWO, and CaMoO, nanocolloidal particles prepared by pulsed laser ablation in liquid.
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1. Introduction

Pulsed laser ablation (PLA) in liquids attracts much
attention as a new technique to prepare nanocolloidal
particles since Henglein, Cotton and their co-workers
first developed this synthesis strategy [1, 2]. It has been
demonstrated that laser ablation of various noble metals
settled in solvents produces colloidal nanoparticles of
these metals [3-5]. A remarkable advantage of this laser
ablation method over chemical synthesis is simplicity of
preparation procedures. Moreover, it has shown that the
laser ablation in liquids is applicable to prepare nanopar-
ticles of not only noble metals but also compound materi-
als. It was reported that laser ablation of TiO, [6], ZnSe
[7], GaAs [8] and CoO [9] in various solvents pro-
duced nanoparticles of these materials. Above studies on
noble metals and compound materials have shown that
stoichiometric nanoparticles could be produced by using
laser ablation in liquids, i.e., atomic compositions of
produced nanoparticles were identical to those of their
source materials.
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In addition, reliable and fast determination of particle
size distributions in sub-micrometer ranges still poses a
certain challenge for common analytical equipment. Com-
parative studies [10-12] revealed remarkable differences
between size distribution functions derived from different
techniques. Generally, the most useful approaches also
tend to be the most expensive and time consuming [13].
While dynamic light scattering offers the advantage of
being fast and convenient, it lacks precision when dealing
with multi-modal distributions. Therefore a more sophis-
ticated approach is represented using Brownian motion
of the particles sensed by the frequency shift of scat-
tered light. In this case, a complete paricle ensemble is
analyzed collectively, leading to an autocorrelation func-
tion that is linked to the particle size distribution. Under
such circumstances, an analysis of the size distribution
function from the characteristics of Brownian motion
requires the independent detection of a number of individ-
ual particles [14-16], leading to the assignment of individ-
ual mean square displacements and individual particle
sizes. This technique is suitable for particles in the sub-
micrometer range because it requires no specific sam-
ple preparation and even allows for a selective analysis
of components in particle mixtures.

Calcium tungstate (CaWOQ,, scheelite) and calcium
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molybdate (CaMoQ,, powellite) is an important material
among metal tungstate or molybdate families that have a
high application potential in various fields, such as in
photoluminescence and microwave applications [17, 18].
Various methods, such as Czochralski method, coprecipi-
tation synthesis, combustion method and solid-state reac-
tion have been used to synthesize CaWO, and/or CaMoO,
[19-21]. However, CaWO, and/or CaMoQO, particles pre-
pared by these processes are relatively large with irregular
morphology, and inhomogeneous compounds might be
easily formed because WO, and MoO; have tendency to
vaporize at high temperatures [22].

This work represents a new synthetic approach to
directly produce highly-dispersed CaWO, and CaMoO,
nanocolloidal suspensions using pulsed laser ablation
(PLA) ceramic target in a liquid phase without any surfac-
tant. Crystallization process, particle morphology, laser
ablation mechanism and optical properties were analyzed.
Moreover, a novel method is presented for the fast
determination of nanoparticle size distributions, which is
based on simultaneous motion tracking of several indi-
vidual particles in a particle ensemble.

2. Experimental

2.1. Synthesis of Nanocolloidal Suspensions by Laser
Ablation in Ethanol

Laser ablation of CaWO, and CaMoO, in ethanol were
carried out using a fourth harmonic (266 nm) of a Nd :
YAG pulse laser (Quentel, France) with a repetition rate
of 10 Hz, pulse width of 8 ns and a maximum output of
100 mJ/pulse. The laser beam strikes the surface vertically
after passing throughout an optical window and the lig-
uid. Fig. 1(a~c) shows experimental set-ups, composed of
a glass cell, liquid, a ceramic target on a Teflon holder and
laser beam crossing the liquid for synthesizing CaWO,
and CaMoO, nanocolloidal suspensions, respectively. To
avoid the formation of deep holes, the glass cell was
displaced under the laser beam using a computer-driven
X-Y stage with laser scanning velocity of 0.5 mm/sec
and 70~80 % overlaps of the laser spot between the
consecutive scans.

The CaWO, and CaMoO, powder was synthesized via
a citrate complex route [23] and the target was pre-
pared by compressing the raw powder under a uni-axial
pressure of 300 MPa and then sintered at 900°C in air for
3 hours. The prepared CaWO, and CaMoO, targets were
white-yellow in color and XRD measurement showed
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Fig. 1. Schematic diagram for the laser ablation of target in
liquid phase (a) and experimental photographs of (b) CaWO,
and (b) CaMoQ, targets during laser ablation in ethanol.

that the target had a single phase which was consistent
with reported value (insets of Fig. 3, JCPDS Cards 41-
1431 (CaWO,) and 29-0351 (CaMoQ,)). After removing
organic contaminations with ultrasonic cleaner in acetone,
the cleaned target was immersed into 60 ml ethanol, there-
after the target was irradiated by the Nd: YAG pulsed
laser. The laser beam was focused on the target with a
beam size of about 1 mm in diameter using a lens with a
focal length of 50 mm. The depth of the target immersed
into the de-ionized water was kept about 20 mm. Colloi-
dal suspension of CaWO, and CaMoO, nanoparticles
were obtained by laser ablation for 3 hours at room tem-
perature.

2.2. Particle Size Distribution Analysis by Nanoparticle
Tracking

The particle size distributions of the synthesized colloi-
dal suspensions were statistically analyzed by nanoparti-
cle tracking analysis method by HALO LM 10™ system
(Nano Sight, UK [22]) in Fig. 3. The class 1 laser device
comprises a small Al metal housing (92 x 66 x 47 mm)
containing a solid-state, single mode laser diode (<20
mW, 655 nm) configured to launch a finely focused beam
through the 500 pul sample chamber. The chamber is
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Fig. 2. (a) Schematic diagram for detecting nanoparticles in

laser viewing module. A laser beam is fired into a suspension

of nanoparticles in liquid. As the beam hits the particles, the

light they scatter can be detected using a conventional micro-

scope. (b) The HALO system consists of HALO LM10 viewing
module and microscope [22].

defined by an upper optical window mounted in a detach-
able stainless steel top-plate through which the sample is
viewed down the microscope. The base of the chamber
comprises a specially designed metallized optical flat
above which the beam is caused to propagate in close
proximity to the metal film. Particles in the liquid sample,
and which pass through the beam path, are seen down
the microscope as small points of light moving rapidly
under Brownian motion. Sample is simply introduced
into the chamber by syringe via the Luer fittings and
allowed to equilibrate to unit temperature for a minute.
A more attractive alternative, given the ability of this
nanoparticle tracking system to visualize deeply sub-
micron particles in real time and in liquids, is to dynam-
ically analyze the paths the particles take under Brown-
ian motion over a suitable period to time (e.g. 10~20
seconds). Despite the rapidity with which particles move
(in the sub-100 nm size range in particular), such motion
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Fig. 3. X-ray diffraction patterns of (a) CaWO, and (b) CaMoO,
nanoparticles collected from colloidal suspensions. The XRD
patterns of the targets are shown as insets.

can be readily tracked using conventional digital cam-
corder employed in. Supported on a mount of the micro-
scope and operating at 20 frames per seconds, the
camcorder is used to capture video clips of the particles
as seen at a total magnification of 1000 when present in
the 80 um diameter laser beam within the device. It should
be noted that, however, the particles are not being imaged.
The particles act as point scatters whose dimensions are
far below the Rayleigh or Abbé limit, only above which
can structural information and shape be resolved.

2.3. Phase Analysis and Optical Characterizations

Surface morphology of the ablated CaWO, and CaMoO,
ceramic targets was observed with a scanning electron
microscope (SEM, JEOL, JSM 5900 LV, Japan). The
suspensions were dropped on a carbon-coated copper
grid for transmission electron microscope (TEM, JEOL,
JEM-2010, 200 kV, Japan) observation. Precipitates of
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the products were obtained by repeated centrifuging at
25,000 rpm for 30 min using an ultracentrifuge (Supra
25K, Hanil Sci. & Ind. Co., Korea). The X-ray diffrac-
tion (XRD, CuK,, 40 kV, 30 mA, Rigaku, Japan) meas-
urements were performed for the centrifuged precipitates.
The optical absorbance of the CaWO, and CaMoO,
nanoparticle-dispersed suspensions were evaluated using
UV-Vis spectrophotometer (Optizen 2120 UV, Mecasys,
Korea) and the photoluminescence (PL) spectrum was
recorded using a luminescence spectrometer (PerkinElmer
LS45, USA) at room temperature.

3. Results and Discussion

3.1. Formation of Colloidal Nanoparticles and Laser
Ablation Mechanism

Fig. 3 depicts XRD spectra of the (a) CaWO, and (b)

Fig. 4. TEM images of (a) CaWO, and (b) CaMoO, nanoparti-
cles prepared by pulsed laser ablation in ethanol. Insets depict
the electron diffraction patterns.

CaMoO, nanoparticles collected from colloidal suspen-
sions prepared by pulsed laser ablation in ethanol. The
Bragg reflection peaks of the nanoparticles collected from
the colloidal suspension corresponded with the scheelite
structured CaWO, and powellite structure of CaMoQO,
without any peaks assigned to either Ca, CaO, CaCO;,
W, Mo, WO, or MoO, phases. The broad reflection peaks
in Fig. 3 indicate the formation of very small nanoparticles.

The particle morphology, particle size and crystallinity
were more directly investigated using a TEM as shown
in Fig. 4. It is found that most of the nanoparticles are
spherical and homogeneous with diameter of 5~50 nm.
Selected area electron diffraction (SAED) patterns revealed
that the CaWO, and CaMoQO, nanoparticles were crystal-
lized with bright polycrystalline diffraction rings (insets
of Fig. 4). The lattice spacing obtained form the diffraction
rings agreed well with those of the scheelite CaWO,
and powellite CaMoO,.

Fig. 5. Typical surface micrographs of the (a) CaWO, and (b)

CaMoO, ceramic targets after laser ablation. And, typical SEM

micrographs of target surface before laser irradiation are shown

in insets for investigating the change of surface morphology by
laser ablation.
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Fig. 5 presents typical surface topographies of the
CaWO, and CaMoO, targets after laser irradiation and
before (as insets) in order to analyze the surface mor-
phology change induced by laser irradiation. The laser
ablation of solids in liquid medium occurs when a high-
power laser beam is focused at the submerged target
surface for an appropriate time, and leads to the ejection
of particles to the liquid where they are condensed and
cooled. Molecular dynamics simulations [24-26] have
proposed two different mechanism of particle removal
during ablation: below a given fluence threshold, there
is desorption that is characterized by events in which
primary individual atom desorb. Above this threshold,
the ejected plume contains a substantial fraction of large
molecular clusters.

The formation of the CaWQO, and CaMoO, nanoparti-
cles under laser irradiation can be thought to be due to a
strong interaction of the ejected plume with surround-
ing ethanol molecules. Both microscopic observation of
the nanoparticles in Fig. 4 and the surface aspects of the
target after irradiation in Fig. 5 indicate that the fluence
threshold was surpassed. Indeed, a thin layer of target is
heated well above its melting temperature during the laser
pulse. The adjacent ethanol molecules are heated to
almost the same temperature owing to heat transfer form
the interface. Taking into account the heat diffusion
coefficient in ethanol (a= 10"’ cm’/s), the diffusion time
approximately equal to duration of the laser pulse (t,=8
ns), and the thickness of the heated liquid layer h can be
estimated approximately to ~ (atp)”2 =0.03 um. Therefore,
after just 5 pulses at the same focal point, i.e. after only
0.5 s, the estimated ethanol bubble has a radius about
0.15 pm. This radius is greater much than the particle
size verified in the experiments. Therefore, the conden-
sation of the CaWO, and CaMoO, may occur in the
ethanol vapor medium.

This means that the ablation process in liquid is not far
different from those occurring at normal atmosphere,
with just one important difference, where the pressure
inside the bubbles should be very high. The interaction
of the plume and the ethanol vapor leads to condensa-
tion and fast agglomeration to clusters. Observing the
surface damage in Fig. 5, it can be considered that the
ablation mechanism is photo-ablation of particles being
formed from a superheated liquid. In the case of abla-
tion due to desorption of small clusters, i.e., below the
fluence threshold, the surface should be more flat and
less rough [24-26]. It seems that this is not the case
here. Therefore, the particles observed in TEM, e.g.
diameters of 5~50 nm are considered to result from con-

densed clusters and recast droplets from the targets.

3.2. Size Distribution Analysis of Nanocolloidal
Particles by Laser Scattering

The video images of the CaWO, and CaMoQO, colloi-
dal particles’ movement under Brownian motion were
analyzed using a single particle tracking program (Halo™
2.2 image analysis software). In the system described
here, a video can be either captured directly from the
camera through the program or imported as a separate
file. Fig. 6 shows the captured image of (a) CaWO, and
(b) CaMoO, particles scattered by laser beam. The first
frame of the 8 bit video sequence was deleted in terms
of image smoothing, background subtraction, setting of
thresholds, removal of blurring etc. to allow particles of
interest to be tracked without interference from stray flare
or diffraction patterns which can occasionally occur
with non-optimum sample types.

Fig. 6. Captured images of (a) CaWO, and (b) CaMoO,
nanoparticles scattered by laser beam.
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Fig. 7. Trajectories of (a) CaWO, and (b) CaMoO, colloidal
nanoparicles whose life time are sufficiently long to ensure
statistically accurate results.

Having selected suitable image adjustment setting, the
remainder of the video was similarly treated allowing par-
ticles to be identified and located on a frame-by-frame
basis. Through use of specific selection criteria, move-
ment of individual particles was followed through the
video sequence and the root-mean squared displacement
determined for each particle for as long as it is visible.

We selected trajectories of colloidal nanoparticles whose
lifetimes are sufficiently long to ensure statistically accu-
rate results, as shown in Fig. 7(a~b), ignoring those which
are so short (e.g. below 5 or 10 frames) that the estima-
tion of diffusion coefficient is statistically inaccurate.
Similarily the occurrence of trajectory cross-over could
be accounted for thereby minimizing error. From these
values, the diffusion coefficient (D,) and hence sphere-
equivalent, hydrodynamic radius (r;) of the CaWO, and
CaMoO, colloidal nanoparticles could be determined
using the Stokes-Einstein equation [27]:
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Fig. 8. Particle size distributions of (a) CaWO, and (b)

CaMoO, nanocolloidal suspensions calculated by Brownian

motion. These results came from measurements of individual

particles, avoiding the averaging assumptions inherent from
photon correlation spectroscopy.
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‘ (1)
where K is Boltzmann’s constant, T is temperature and
1 is viscosity of liquid. Given that each and every visi-
ble particle is separately tracked, it is possible to gener-
ate particle size distributions profiles that reflect the
actual number of particles thus seen and which is a sig-
nificnat advance on those distributions that are obtained
by other dynamic light scattering techniques such as
photon correlation spectroscopy (PCS) in which a large
ensemble of particles are collectively analyzed [28].
Particle size distributions of the CaWO, and CaMoO,
colloidal nanoparticles obtained from the nanoparticle
tracking system are shown in Fig. 8. Gaussian fittings
were applied to the size distribution (the solid line in
Fig. 8). From the Gaussian distributions, it is found that
the mean nanoparticle size of CaWO, and CaMoO, col-
loidal nanoparticles were 16 nm and 30 nm, with the
standard deviations of 2.1 and 5.2 nm, respectively. The
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CaMoO, naoparticles (Fig. 8(b)) presented a large diam-
eter distribution between 5 and 100 nm, a peak centered at
20~25 nm, and 57 % of tracked particles had more than
30 nm diameter. On the other hand, the CaWO, nano-
particles (Fig. 8(a)) presented better diameter conver-
gence than CaMoO,, since neraly 62 % of the tracked
nanoparticles were between 5 and 30 nm and only 20 %
were greater than 50 nm. These results are in good
agreement with the particle size analysis given by TEM.
We note that there are no droplets detected of diameter
bigger than 100 nm.

3.3. Optical Properties of the CaWO, and CaMoO,
Colloidal Suspensions

Optical absorption spectra of the CaWO, and CaMoO,
nanoparticles-dispersed colloids are presented in insets
of Fig. 9(a~b). The sharp spectra with high absorbance
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Fig. 9. The plots of (ahv)’ versus photon energy (hv) in case

of (a) CaWQ, and (b) CaMoO, suspensions prepared by pulsed

laser ablation in ethanol. Insets represent optical absorption
spectra of the nanocolloidal suspensions.

in the UV region indicate formation of stable colloidal
suspensions. The absorption spectra showed a typical
absorption edge near 250 nm, which is blue-shifted about
50 and 70 nm than the reported value (near 300 nm in
CaWO, [29] and 340 nm in CaMoO, [30]). The CaWO,
and CaMoO, have direct band-gaps of 4.09 and 3.41 eV
in the I direction, respectively, calculated by using the
linearized-augmented-plane-wave technique [31] and fun-
damental absorption of the CaWO, and CaMoO, is
attributed to a charge-transfer transition in which an oxy-
gen 2p electron goes into one of the empty molybde-
num 4d or tungsten 5d orbitals [31]. The optical band-
gap energies, E,,,, for the CaWO, and CaMoO, nano-
particles were determined from the most sharply increas-
ing absorption region according to Tauc and Menth’s
law [32]. The plot of (athv)’ versus photon energy (hv)
are displayed in Fig. 9(a~b). In the high energy region
of the absorption edge, (ahv)’ varied linearly with hv

target

£l <— 425nm
(a) 430 nm s
2
360 nm ! 2
£
\ o
-8

250 300 350 400 450 500 550 600 650 700 750

Wavelength (nm)

defects

PL intensity (a.u)

) v ) v ) M ) M ) v ) v ) v ) v ) v
300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

(b) 520 nm

440 nm

|

target
<+— 510 nm

PL intensity (a.u)

A\

\ 300 3%0 4(’)0 450 5[')0 5%0 SL')O 650 7!’)0 7%0 800
Wavelength (nm)

/\ \\\ defects
——
350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

PL intensity (a.u)

Fig. 10. Room-temperature PL spectra of the (a) CaWO, and

(b) CaMoO, nanocolloidal suspensions. Insets show the PL

spectra of the bulk targets for comparison with the prepared
nanocolloidal suspensions.
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and the straight line behavior in the high energy region
was taken as prime evidence for the direct band-gap.
The estimated optical band-gaps were 5.2 (CaWO,) and
4.7 eV (CaMoQ,), which is an increased value about 1.1
and 1.3 eV compared to the reported theoretical band-
gap energy [31].

Photoluminescence (PL) spectra obtained from the
CaWO, and CaMoO, colloidal suspensions are shown in
Fig. 10(a~b). The PL spectra were obtained at an excita-
tion of 240 nm. The decomposition of the PL bands into
individual Gaussian components resulted in two Gauss-
ian curves to achieve good agreement with the experi-
mental data, which are given in Fig. 10(a~b). Most
studies on the PL of CaWO, and CaMoO, crystals have
reported blue and green emission near 420 and 530 nm,
respectively, for excitations between 240 and 280 nm
[33-35] at room temperature. Consisted with the widened
optical band-gap estimated from the Tauc plots in Fig.
9(a~b), the colloidal suspensions exhibited blue-shifted
emission peaks near 360 and 440 nm besides inherent
main PL peaks. For comparison, PL spectra of the bulk
CaWO, and CaMoO, targets are shown in insets of Fig.
10(a~b). The existence of the blue-shifted PL spectra in
the colloidal suspensions is thought to be originated mainly
from the very small nanocrystalline constituents as investi-
gated in TEM and nanoparticle tracking analysis.

The band-gap widening phenomena and blue-shifts in
the absorption edges and PL emissions can be attrib-
uted mainly to quantum-size effect induced by the very
small size of the CaWO, and CaMoO, nanoparticles
prepared by pulsed laser ablation in ethanol. In the col-
loidal suspensions, there exist very small nanocrystals,
grain boundaries and imperfections as shown in TEM
and nanoparticle tracking analysis, which lead to larger
free carrier concentrations and the existence of potential
barriers at the boundaries. Therefore, an electric field is
formed and this brings about an increase of the band-gap.
The quantum-size effect results in a dramatic increase in
the band-gap if the crystallite dimensions become very
small. For our CaWQ, and CaMoO, colloidal suspen-
sion, there are many nanocrystals with the size smaller
than of 20 nm in the CaWO, and CaMoO, particles,
which have influence on the value of the band-gap. In
addition, a weak red or infrared emission bands were
observed from 750 to 850 nm. The additional emission
bands can be interpreted by the existence of Frenkel
defects structure (oxygen ion shifted to the inter-site posi-
tion with simultaneous creation of vacancy) in the sur-
face layers of nanocrystallites [36] similar to what is
observed in following references [37].

4. Summary

This work demonstrated the formation of CaWO, and
CaMoO, nanocolloidal suspensions using pulsed laser
ablation in ethanol without any surfactant. The obtained
CaWO, and CaMoO, nanoparticles had spherical and
highly-dispersed morphology. The mechanism of laser
ablation was explained as photo-ablation where particles
were generated by rapid solidification from the melt.
Particle tracking analysis by optical microscopy com-
bined with image analysis allowed for a fast determina-
tion of particle size distribution function in the prepared
nanocolloidal suspensions. From the determined particle
size distribution functions, it was found that the mean
nanoparticle size of the prepared CaWOQO, and CaMoO,
colloidal nanoparticles were 16 nm and 30 nm, with the
standard deviations of 2.1 and 5.2 nm, respectively, which
are in good agreement with the particle size analysis given
by TEM. The absorption spectra and PL emissions of
the CaWO, and CaMoO, colloidal suspensions showed
highly blue-shifted values. The estimated optical band-
gap values of the CaWO, and CaMoQO, nanoparticles
was 5.2 and 4.7 eV, which was a widened value about
1.1 and 1.3 eV, than that of reported theoretical from
bulk crystals, respectively. These band-gap widening and
blue-shifts in absorption edge and PL emission could be
ascribed to the quantum-size effect caused by the very
small size of the prepared colloidal suspensions.
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