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ABSTRACT Pulsed laser ablation (PLA) in the liquid phase
was successfully employed to synthesize calcium tungstate
(CaWO4) nanocolloidal suspension. The crystalline phase, par-
ticle morphology and laser ablation mechanism for the colloidal
nanoparticles were investigated using XRD, TEM and SEM.
The obtained colloidal suspension consisted of well-dispersed
CaWO4 nanoparticles which showed a spherical shape with
sizes ranging from 5 to 30 nm. The laser ablation and the
nanoparticle forming process were discussed under considera-
tion of the photo-ablation mechanism, where the nanoparticles
were generated by rapid condensation of the plume in high
pressured ethanol vapor. The optical properties of the prepared
CaWO4 colloidal nanoparticles were analyzed in detail using
XPS, Raman spectroscopy, UV-Vis spectroscopy and PL spec-
trophotometry. The optical band gap was estimated by Tauc and
Menths law.

PACS 42.62.-b; 82.70.Dd; 78.55.Hx; 81.07.Wx

1 Introduction

The synthesis and electro-optical properties of
scheelite-type metal tungstates have been intensively inves-
tigated during the past half century [1–3]. In particular, cal-
cium tungstate (CaWO4) has attracted particular attention
because it has been found to have practical importance as a
MASER material [4–6], and as a scintillator [7, 8], in quan-
tum electronics and medical applications. The CaWO4 single
crystals and polycrystalline powder have been prepared by
several techniques such as the Czochralski method [9, 10],
precipitation route [11, 12], hydrothermal synthesis [13] and
solid-state reactions [14, 15]. However, CaWO4 particles pre-
pared by these processes are relatively large with irregular
morphology, and inhomogeneous compounds might be eas-
ily formed because WO3 have a tendency to vaporize at high
temperatures [16]. To overcome this problem, extensive ef-
forts have been made recently to develop alternative synthesis

� Fax: +82-31-300-7900, E-mail: jimihen.ryu@samsung.com

methods such as wet chemical routes [17], spray pyroly-
sis [18] or pulsed laser deposition (PLD) process [19].

Recently, pulsed laser ablation (PLA) of targets in liquids
has attracted much attention as a new technique to prepare
nanocolloidal particles since Henglein, Cotton and their co-
workers first developed this synthesis technique [20, 21]. It
has been demonstrated that laser ablation of various noble
metals settled in solvents can produce colloidal nanoparti-
cles of these metals [22–24]. A remarkable advantage of this
laser ablation method over chemical synthesis is the simpli-
city of the preparation procedures. Furthermore, it has shown
that the laser ablation in liquids is applicable to preparation
of nanoparticles of not only noble metals but also compound
materials, for example, TiO2, ZnSe, GaAs and CoO in various
solvents [25–28]. These studies of the laser ablation of noble
metals and compound materials in liquid showed the forma-
tion of stoichiometric nanoparticles, i.e., atomic compositions
of the produced nanoparticles were identical to those of the
source materials.

In this work, we present a new synthetic approach to di-
rectly produce highly-dispersed CaWO4 nanocolloidal sus-
pensions using pulsed laser ablation (PLA) of ceramic targets
in the liquid phase without any surfactant. The crystalline
phase, surface morphology and optical properties were inves-
tigated. Moreover, laser ablation mechanisms and nanoparti-
cle forming processes are discussed under consideration of
photo-ablation mechanism.

2 Experimental

A fourth harmonic (266 nm) Nd:YAG pulse laser
(Quentel, France) with a repetition rate of 30 Hz, pulse width
of 8 ns and a maximum output of 100 mJ/pulse was used for
synthesis of the CaWO4 nanocolloidal suspension. The laser
beam strikes the surface vertically after passing throughout an
optical window and the liquid. Figure 1 shows

(a) a schematic diagram of the laser ablation process in li-
quid phase and

(b) an experimental view of the CaWO4 target during laser
ablation in ethanol.
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FIGURE 1 (a) Schematic diagram for laser ablation process in liquid phase
and (b) experimental view of the CaWO4 target during laser ablation in
ethanol

To avoid the formation of deep holes in the target, the glass
cell was displaced under the laser beam using a computer-
driven X-Y stage with a laser scanning velocity of 0.5 mm/sec
and 70%–80% overlaps of the laser spot among the consecu-
tive scans.

The CaWO4 powders were prepared via a citrate com-
plex route [29] and the target was prepared by compressing
the raw powders under a uni-axial pressure of 300 MPa,
and then by sintering at 900 ◦C in air for 3 h. The prepared
CaWO4 target was white–yellow in color. The crystalline
phase of the target was identified by XRD, showing a sin-
gle phase which was consistent with reported values (in-
set of Fig. 2a, JCPDS Cards 41-1431). After removing or-
ganic contaminations with ultrasonic cleaning 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 ethanol was kept to about 20 mm. The colloidal sus-

pension was prepared by laser ablation for 6 h at room
temperature.

Surface morphology of the CaWO4 target was observed
after laser ablation using a scanning electron microscope
(SEM, JEOL, JSM 5900 LV, Japan) for investigating the
laser ablation mechanism. The microstructure and shape of
the colloidal nanoparticles were investigated using transmis-
sion electron microscopy (TEM, JEOL, JEM-2010, 200 kV,
Japan) after dropping the colloidal suspension on a carbon-
coated copper grid. Precipitates of the products were formed
by repeated centrifuging at 25 000 rpm for 30 min. using
an ultracentrifuge (Supra 25K, Hanil Sci., Korea). For the
measurements of X-ray diffraction (XRD, CuKα, 40 kV,
30 mA, Rigaku, Japan) the precipitates of the suspensions
were dried on the glass substrate. The surface chemical
states of the prepared nanoparticles were analyzed using
X-ray photoelectron spectroscopy (XPS, PHI 5600ci, USA)
with a monochromated Al−Kα source (1486.5 eV, 100 W).
The typical pass energy and the energy resolution were
5.85 eV and 0.05 V/step, respectively. The binding energy
values were calibrated with the C 1 s line of adventitious car-
bon at 284.5 eV. The Raman spectrum was recorded on a dis-
persive laser spectrophotometer (NRS-3100, JASCO) with
an excitation wavelength of 633 nm. Subsequently, the opti-
cal absorption and photoluminescence (PL) spectrum of the
CaWO4 nanoparticles-dispersed colloid were measured using
an UV-Vis spectrophotometer (Optizen 2120 UV, Mecasys,
Korea) and a luminescence spectrometer (PerkinElmer LS45,
USA) at room temperature.

3 Results and discussion

3.1 Laser induced formation of nanoparticles and the
ablation mechanism

Figure 2a shows XRD pattern of the CaWO4

nanoparticles collected from a colloidal suspension prepared
by pulsed laser ablation in ethanol. The Bragg reflection peaks
of the nanoparticles correspond to the scheelite structured
CaWO4 without any peaks assigned to Ca, CaO, CaCO3, W,
or WO3 phases. The broad reflection peaks in Fig. 2a indi-
cate the formation of very small nanoparticles. The average
crystallite size of the synthesized nanoparticles was estimated
from the XRD peak width of (111) based on Scherrers for-
mula [30], D = kλ/βcosθ , where D is the average particle
size, k is a constant equal to 0.89, λ is the wavelength of X-rays
equal to 0.1542 nm (i.e. Cu−Kα) and β the corrected half-
width that is obtained by using the (111) line of pure silicon
as the standard. The calculated average crystallite size of the
CaWO4 nanoparticles was 14 nm. The particle morphology,
particle size and crystallinity were observed more closely by
TEM as shown in Fig. 2b. The morphology of the nanopar-
ticles was spherical and uniform with diameters between 5
and 30 nm. Selected area electron diffraction (SAED) patterns
shown in Fig. 2c revealed bright polycrystalline diffraction
rings, and lattice spacings derived from the diffraction rings
in agreement with the scheelite structured CaWO4.

Figure 3 shows typical SEM micrographs of the CaWO4

target surface before laser ablation (a) and after laser ablation
(b) showing remarkable changes of the surface morphology
induced by the laser ablation. The laser ablation of solids in
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FIGURE 2 (a) X-ray diffraction patterns of the CaWO4 nanoparticles col-
lected from the colloidal suspension. The XRD patterns of the targets are
shown in the inset. (b) TEM images of the CaWO4 nanoparticles prepared by
pulsed laser ablation in ethanol. The selected electronic diffraction patterns
corresponding to (b) are shown in (c)

a liquid medium occurs when a high-power laser beam is fo-
cused at the submerged target surface for an appropriate time,
and leads to ejection of nanoparticles into the liquid where
they are condensed and cooled. Molecular dynamics simu-
lations [31–34] have proposed two different mechanisms of
particle removal during laser ablation. Below a given thresh-
old of laser fluence, there is desorption of small clusters. How-
ever, above this threshold of laser fluence, the ejected plume
contains a substantial fraction of large molecular clusters due
to the induced photo-ablation of the target material.

In this case, the formation of the CaWO4 nanoparticles via
the PLA process can be considered as strong interactions be-
tween the ejected plume and surrounding ethanol molecules
above the threshold of laser fluence. Microscopic observa-
tion of the changes of the target surface as shown in Fig. 3,
indicates that the threshold of laser fluence was surpassed.
During the laser irradiation, a thin layer of the target is heated
well above its melting temperature, while the adjacent ethanol
molecules are heated to the same temperature by the heat
transfer from the interface [31]. Considering the heat diffu-

FIGURE 3 Typical SEM micrographs of the CaWO4 target (a) before and
(b) after laser ablation showing the remarkable change of the surface morph-
ology induced by the laser irradiation

sion coefficient in ethanol of a = 10−3 cm2/s and the diffusion
time is approximately equal to the duration of one laser pulse
(tp = 8 ns), the thickness of the heated liquid layer h is ap-
proximately ∼ (atp)

1/2 = 0.028 µm. After just 10 pulses at the
same focal point, i.e. after only 0.33 s, the estimated ethanol
bubble has a radius of about 0.9 µm. This radius is much
greater than the particle size verified in the TEM result.

Therefore, the ablation process can be described with
a photo-ablation process [31–34] where the CaWO4 nanopar-
ticles are formed by condensation of an ablated plume in
an ethanol vapor medium. This means that the ablation pro-
cess in ethanol is not very different from those occurring in
thin film growth processes at normal atmosphere, with just
one important difference, that the pressure in the bubbles is
very high [31]. The interaction between the plume and the
high pressured ethanol vapor leads to fast condensation and
agglomeration of clusters. In the case of ablation due to de-
sorption of small clusters, i.e. when below the threshold of
laser fluence, the surface of laser ablated target should be more
flat and less rough [31–34]. It seems that this is not the case
here. Therefore, the particles observed in Fig. 2b with diam-
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FIGURE 4 (a) XPS wide scan spectrum and (b) high resolution [W]
4f doublet peaks of the CaWO4 colloidal nanoparticles. The [Ca] 2p energy
region is depicted in inset of (b)

eters between 5 and 50 are thought to result from condensed
clusters or larger recast droplets fragmented from the target.

3.2 Optical properties of the prepared CaWO4 colloidal
nanocrystals

The surface composition of the CaWO4 nanopar-
ticles collected from the colloidal suspension prepared by
pulsed laser ablation in ethanol was analyzed using XPS.
Figure 4a shows an XPS wide scan spectra of the CaWO4

nanoparticles. As shown in the wide scan of Fig. 4a, any
metallic or organic impurities were not detected except for
adsorbed carbon on the surface. Figure 4b shows the high
resolution XPS spectra of the [Ca] 2p and [W] 4f regions of
the CaWO4 nanoparticles. The binding energies and branch-
ing ratio of the [Ca] 2p1/2 and 2p3/2 spin-orbit doublet at 350.5
and 346.9 eV are identical to the reported oxidized states of the
[Ca] [35, 36] as shown in inset. The [W] 4f core level spectrum
shows the two components associated with 4f5/2 and 4f7/2
spin-orbit doublet at 37.6 and 35.5 eV, respectively. These
values agree with those found in the literature for [W6+] in

FIGURE 5 Raman spectrum of the CaWO4 nanoparticles collected from
the colloidal suspension

stoichiometric films [37, 38]. Other peaks are shifted towards
a lower binding energy, which is caused by contributions of
[W5+] or [W4+] states resulting from oxygen vacancies [38],
that were not detected.

Figure 5 shows the Raman spectrum of the CaWO4

nanoparticles collected from a colloidal suspension prepared
by pulsed laser ablation in ethanol. The ν1(Ag) vibrations as
a strong band is observed at 910 cm−1, while the ν2(Ag) vibra-
tions are observed at 335 cm−1 accompanying a weak ν2(Bg)

at 400 cm−1. The ν3(Bg) vibration of CaWO4 is located
around 840 cm−1, and the ν3(Eg) is found at 800 cm−1. These
results are consistent with those reported previously [39–42].
In addition, the bands at 185 and 210 cm−1 can be assigned to
the translational mode of the ν(Ca−O) and [WO4]2− group in
CaWO4 [43], respectively.

Optical absorption spectrum of the CaWO4 nanocolloidal
suspension is presented in the inset of Fig. 6a. The sharp
spectrum with high absorbance in the UV region proves the
formation of a stable colloidal suspension consisting of well-
dispersed CaWO4 nanoparticles. The absorption spectrum
showed a typical absorption edge near 250 nm. The optical
band gap, Egap, for the CaWO4 colloidal nanoparticles was
determined from the sharply increasing absorption region.
According to Tauc and Menths law [44], the absorption coef-
ficient has the following energy dependence, (αhν) = A(hν−
Egap)

m , where A is a proportionality constant, m is another
constant, which is different for the transition types (m =
1/2, 2, 3/2 or 3 for allowed direct, allowed indirect, forbidden
direct and forbidden indirect electronic transitions, respec-
tively), hν is the photon energy, and Egap is the Tauc optical
energy band gap. Therefore, the straight line plot between
(αhν)1/m and hν would yield the value of the Tauc optical
band gap (Egap). The plot of (αhν)2 vs. photon energy hν for
the CaWO4 nanocolloidal suspension is shown in Fig. 6a. In
the low energy region of the edge, the absorption spectrum de-
viated from the straight line plot. However, in the high energy
region of the absorption edge, (αhν)2 varied linearly with pho-
ton energy hν. This straight line behavior in the high energy
region was taken as a prime evidence for the direct band gap.
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FIGURE 6 (a) Plot of (αhν)2 vs. hν and UV-visible spectrum of the
CaWO4 nanocolloidal suspension prepared by laser ablation in ethanol (in-
set). The optical energy band gap is deduced from the extrapolation of the
straight line up to (αhν)2 = 0. (b) Room-temperature PL emission spec-
trum of the prepared CaWO4 nanocolloidal suspension. For comparison, the
room-temperature PL spectrum of the bulk ceramic target is shown in inset

The optical band-gap was therefore determined by extrapo-
lating the linear portion of the plot relating, (αhν)2 vs. hν to
(αhν)2 = 0 (see Fig. 6a). The estimated optical band gap was
5.19 eV, which is close to reported values, 5.4 eV by Saito et
al. [45] and 5.27 eV by Maurera et al. [46].

The room-temperature PL emission spectrum of the
CaWO4 colloidal nanoparticles is shown in Fig. 6b. The PL
emission spectrum was obtained at excitation of 240 nm.
It is well known that CaWO4 shows emission in the blue
or green regions depending on excitation wavelength or
energy [1–3]. In particular, optical band-edge excitation
yields a strong blue emission and near-band-edge excitation
yields a green emission [4–7]. Most of the studies on room-
temperature PL for CaWO4 crystals reported a blue emis-
sion around 420 nm for excitation between 240 and 280 nm
and a green emission around 510 and 540 nm for excita-
tion between 300 and 315 nm [8–10]. In Fig. 6b, the CaWO4

colloidal nanoparticles show a broad intrinsic emission at
425 nm at room temperature. The inset of Fig. 6b shows the
room-temperature PL spectrum of the bulk ceramic target to
compare with the colloidal nanoparticles. Based on the sin-
gle photoluminescent feature in Fig. 6b, it is proposed that
the prepared CaWO4 colloidal nanoparticles are stoichiomet-
ric and defect-free [47, 48]. Therefore these optical properties
of the CaWO4 nanocolloidal suspension may be utilized for
a fluorescent device or biosensing applications.

4 Summary

A CaWO4 nanocolloidal suspension was success-
fully synthesized using pulsed laser ablation in ethanol with-
out any surfactant. The XRD, TEM, XPS, Raman, UV-Vis
and PL results showed the synthesized CaWO4 nanoparticles
had a crystallized scheelite phase and highly uniform morph-
ology with a spherical shape. The mechanism of laser ablation
and nanoparticle formation was described by a photo-ablation
process, where the nanoparticles were generated by rapid con-
densation of the ablation plume in a high pressured ethanol va-
por. Therefore, the synthesis process of the CaWO4 colloidal
nanoparticles could be interpreted as being similar to thin film
growth processes occurring under high-pressure conditions.
The optical band gap of the CaWO4 colloidal nanoparticles
estimated by Tauc and Menths law was 5.19 eV. The CaWO4
colloidal nanoparticles showed a broad single emission peak
at 425 nm, which proves that the prepared CaWO4 colloidal
nanoparticles are stoichiometric and defect-free. It should be
noted that this is a new approach for room-temperature syn-
thesis of highly-dispersed CaWO4 nanocolloidal suspension.
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