
Journal of Alloys and Compounds 553 (2013) 35–39
Contents lists available at SciVerse ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier .com/locate / ja lcom
Nanocrystal formation using laser irradiation on Nd3+ doped barium titanium
silicate glasses

L.L. Martin a,⇑, S. Ríos b, I.R. Martín a,c, P. Haro-González a, J.M. Cáceres d, A. Hernández-Creus e

a Dpto. Física Fundamental y Experimental, Electrónica y Sistemas, Instituto de Materiales y Nanotecnología, Universidad de La Laguna, Av. Astrofísico Francisco Sánchez, s/n,
E-38206 La Laguna, Tenerife, Spain
b Dpto. de Física Básica, Universidad de La Laguna, Av. Astrofísico Francisco Sánchez, s/n, E-38206 La Laguna, Tenerife, Spain
c MALTA Consolider Team, Spain
d Dpto. Edafología y geología, Universidad de La Laguna, Av. Astrofísico Francisco Sánchez, s/n, E-38206 La Laguna, Tenerife, Spain
e Dpto. de Química Física, Instituto de Materiales y Nanotecnología, Universidad de La Laguna, Av. Astrofísico Francisco Sánchez, s/n, E-38207 La Laguna, Tenerife, Spain

a r t i c l e i n f o a b s t r a c t
Article history:
Received 29 June 2012
Received in revised form 12 September 2012
Accepted 28 October 2012
Available online 6 November 2012

Keywords:
Nd3+

Laser irradiation
Ba2TiSi2O8

Nanocrystals
Glass ceramic
Glass
0925-8388/$ - see front matter � 2012 Elsevier B.V. A
http://dx.doi.org/10.1016/j.jallcom.2012.10.162

⇑ Corresponding author. Tel.: +34 922 318 651.
E-mail address: lmartin@ull.es (L.L. Martin).
URL: http://lmartin.webs.ull.es/ (L.L. Martin).
Two different thermal treatments were used to create nanocrystals from a precursor glass. The glass
whose composition is Ba2TiSi2O8 and doped with 3% of Nd3+ was prepared using the melt quenching
method. A conventional thermal treatment in an electrical furnace was used to obtain transparent glass
ceramic samples, which contain Fresnoite nanocrystals with an average size of 35 nm. Moreover, these
nanocrystals were obtained in a localized area of the precursor glass by irradiating with a continuous
Ar+ laser. Evidence of the changes induced by laser irradiation was confirmed by optical spectroscopic,
X-ray diffraction, scanning electron and atomic force microscopy.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The glass–ceramic materials are produced by a controlled devit-
rification or crystallization from a precursor glass. This process dif-
fers from the spontaneous crystallization that is a common
problem in the glass production. After the devitrification process,
the glass–ceramic material contains an amorphous phase of the
remaining glass and one or more nanocrystalline phases, all result-
ing in a mixture of properties.

Transparent glass–ceramics containing rare-earth ions or non-
linear optical crystals have received considerable attention,
because such materials have high potential applications in photon-
ics [1,2]. From the viewpoint of practical applications in integrated
optics or photonic crystals, it is important to fabricate transparent
glass–ceramics with controlled patterns as micro-scale dots or
lines, which can be used as laser waveguides, gratings or wave-
length conversion devices. Laser irradiation of glass materials has
recently been successfully used as an effective technique to induce
spatially selected structural modification and/or crystallization in
ll rights reserved.
glass [3,4]. This technique is of particular interest for performing
various optical devices to form crystalline phases in glass through
this laser irradiation.

Fresnoite crystal, composed of barium–titanium silicate
Ba2TiSi2O8 (BTS), belonging to P4bm group, has TiO5 square pyra-
midal structure, which is the origin of the polarizability of this
crystal [5]. BTS crystal shows piezoelectric, pyroelectric, ferroelec-
tric, fluorescence and non-linear optical properties [6,7]. Recently
Maruyama et al. [8] reported the possibility of synthesizing trans-
parent glass ceramic samples by heat treatment of glasses using an
electric furnace. These transparent nanocrystalline materials have
important applications in photonic devices where complex struc-
tures of small size, only obtained by laser irradiation, are required.
Also, the possibility of fabricate high quality optical micro-resona-
tors made from BTS glass have been shown [9] and the capability of
modifying these structures is only possible by micro structuring
with laser devitrification.

The aim of this work is to analyze the changes produced in Nd3+

doped BTS precursor glass under irradiation with continuous wave
Ar+ laser. In this work the effect of laser irradiation on glass sam-
ples is compared to the behavior of glass ceramic samples obtained
by thermal treatment in order to determine the optimal conditions
to produce nanocrystalline material upon laser exposure.

http://dx.doi.org/10.1016/j.jallcom.2012.10.162
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Fig. 1. X-ray diffraction patterns of samples showing the presence of Fresnoite
nanocrystals. XRD patterns of a bulk glass (G), a glass–ceramic (GC) and the
irradiated area. The theoretical diffraction peak positions for a Fresnoite crystal
(blue) are also included. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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2. Experimental

A glass with a composition of 40BaO–20TiO2–40SiO2 and doped in excess by 1.5
Nd2O3 (in mol%) was prepared using a conventional melt-quenching method. Com-
mercial powders of reagent grade BaCO3, TiO2, SiO2 and Nd2O3 were mixed and
melted in a platinum–rhodium crucible at 1500 �C for 1 h in an electric furnace.
After that, the melt was poured between two bronze plates at 200 �C. The samples
were then annealed at 650 �C and cooled down slowly to room temperature for
24 h. The samples were polished to obtain a smooth and flat surface in both faces,
in order to ensure that the laser does not diverge when irradiates the sample.

The glass ceramic samples were obtained by thermal treatment of the precursor
glass at 860, 840 and 820 �C for 20 min, being the sample obtained at 820 �C the
most transparent one while still showing the characteristics of a glass ceramic.
These samples were used as a pattern to compare the luminescence and X-ray dif-
fraction (XRD) with that showed by the glass exposed to laser irradiation.

In the laser irradiation experiment, a multiline continuous Ar+ laser was focused
on the surface of the glass sample, increasing the laser power up to 3.8 W. This laser
beam has a Gaussian profile with a full width at half maximum of 1.4 mm. It was
focalized on the sample using a 20 mm focal lens. The diameter of the focalized spot
d1 at 1/e2 of the intensity peak is given by the formula:

d1 ¼
kf
pd2

ð1Þ

where k is the excitation wavelength, f the focal length of the lens and d2 the diam-
eter of the collimated pumping beam before the lens. A mean diameter of about
23 lm is obtained for the pump spot on the sample. Therefore, at the maximum laser
power in this experiment (about 3.8 W) the corresponding power density is about
250 kW/cm2.

To characterize the samples a confocal micro-luminescence microscope has
been used. The optical setup has been described in detail in a previous work [10].
The sample is located at the focal plane of a 20� microscope objective on a motor-
ized translation stage and excited using a c.w. DPSS laser at 532 nm. The lumines-
cence is detected using a CCD spectrograph. Optical emission spectra were recorded
in regions inside and outside the laser irradiated area. Luminescence measurements
were averaged in a prolate ellipsoid of about 1.35 lm3. It is important to remark the
need of keeping this volume small enough to avoid contributions from the bulk
glass under the superficial modification.

X-ray diffraction measurements have been also obtained for the different
samples (glass, glass ceramic and irradiated area) using a Panalytical X’Pert
diffractometer for poly-crystalline samples, allowing a direct and comprehensible
corroboration of the amorphous and nanocrystalline phases in the studied samples.

To study the morphology of the irradiated area of the sample some complemen-
tary measurements were carried out. Atomic Force Microscope (AFM) and Scanning
Electron Microscope (SEM) were used to image the surface of the sample and En-
ergy Dispersive X-ray spectroscopy (EDX) to confirm that the properties of the glass
irradiated area corresponds to Fresnoite nanocrystals. The surface topography made
with the atomic force microscope (AFM) was carried out operating in tapping mode
(Nanoscope V from Digital Instrument/Bruker) in air at room temperature. Etched
silicon tips RTESP, 215–254 kHz, 20–80 N/m were used.
Fig. 2. Scanning electron microscope image of the irradiated area.
3. Results and discussion

The XRD measurements have been performed on the bulk glass
ceramic, bulk precursor glass and irradiated area. In Fig 1, the black
line corresponds to the XRD pattern of glass sample, where a broad
diffraction curve without significant structure is clearly observed,
as expected for an amorphous material. The red curve represents
the XRD of the glass ceramic sample produced at 820 �C, showing
the characteristic narrow peaks associated to the presence of
nanocrystals. All XRD peaks are assigned to the so-called Fresnoite
Ba2TiSi2O8 crystalline phase (space group P4bm, JCPDS: No.
022-0513), indicating that the devitrification process is controlled
and leads to the formation of only Fresnoite crystals (the theoret-
ical peaks for this phase is also included in Fig. 1). The average size
of the precipitated BTS nanocrystals has been estimated to be
around 35 ± 5 nm using the Scherrer formula [11].

Fig. 2 shows a SEM image of the irradiated area in the glass sam-
ple. The central hole produced by laser ablation is surrounded by
an almost circular area corresponding to the modified region of
the glass sample. This area extends radially up to 600 lm and
has lack of symmetry in the left side due to the differences in
thermal conductivity in the vicinity of the sample boundaries
(the heat flow is larger toward the center of the sample than
towards the air-sample interface direction because the lower
thermal conductivity of the air). It is interesting to note that the fo-
cused laser spot is about 23 lm and the modified zone is wider.
The thermal conductivity of the material is the responsible of the
increase of the affected zone due to the thermal effects. The XRD
measurement of this irradiated area is included in Fig. 1. It can
be seen that the peaks in the XRD are in good agreement with
the theoretical ones, confirming that the devitrification obtained
by continuous laser heating leads to Fresnoite nanocrystals forma-
tion. The estimated size of these nanocrystals is 35 ± 15 nm, where
the increase in uncertainly respect to the values obtained under
furnace treatment comes from the lower signal to noise ratio
(SNR) on the data. This decrease of the SNR is due to a reduction
of intensity in the irradiated area and the use of a small region of
the sample to avoid the inclusion of the non-irradiated area in
the XRD measurements. A detailed comparison of the XRD from
the glass ceramic samples produced using a furnace at 820 �C
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Fig. 3. Normalized spectra of bulk glass and glass ceramic samples, produced by thermal treatment (A). Emission bands corresponding to Nd3+:4F3/2 ?
4I11/2 transition of bulk

glass and glass ceramic samples obtained by thermal treatment (B). The same transition in the center and in the boundary of the irradiated area, showing glass ceramic
formation in the central region due to laser heating (C). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Image constructed from a spectral mapping where each point corresponds to
the relation of intensities at and 886 nm. According to the color bar, the red colored
area corresponds to a glass–ceramic zone and the blue to the glass. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Energy-dispersive X-ray spectroscopy image, showing the relative content
for barium, titanium, oxygen and silicon. Superimposed to the SEM image.
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and those obtained at 840 and 860 �C does not show any signifi-
cant variation in the nanocrystal sizes with the temperature.

Luminescence spectra have been obtained on the precursor glass
and on the glass ceramic samples, as shown in Fig. 3A. These spectra
were recorded in the range of 600–1100 nm under laser excitation
at 532 nm and normalized for a better comparison. Three emission
bands associated to the f–f transitions Nd3+:4F5/2 ?

4I9/2 (820 nm),
4F3/2 ?

4I9/2 (890 nm) and 4F3/2 ? 4I11/2 (1060 nm) are observed.
There are some significant differences in the shape of these emis-
sions between the precursor glass and the glass ceramic samples,
being especially remarkable the 4F3/2 ? 4I9/2 (890 nm) emission
band whose signal dominates in these measurements. Fig. 3B
shows an extended view of the 4F3/2 ?

4I9/2 transition where these
differences can be easily observed for the bulk glass and glass
ceramic samples. The principal difference between the glass and
glass–ceramic luminescence is the red-shift about 20 nm produced
in the glass ceramic respect to the glass. This result makes that the
4F3/2 ?

4I9/2 transition is an excellent indicator to determine if
the studied sample is glass or glass ceramic. Hence, the relation of
intensities at 915 and 886 nm is about 2 for the glass ceramics
and 0.5 for the glass, making easy to determine if a given spectra
corresponds to a glass or to a glass–ceramic phase. This transition
is also shown in Fig. 3C for the irradiated area. The values of the
intensity ratio in the boundary and center of the irradiated zone
show that this regions behave as glass ceramic and glass, respec-
tively. In order to analyze these changes more carefully, individual
spectra in this region have been obtained and a mapping showing
the ratio of intensities at 915 and 866 nm for the 4F3/2 ?

4I9/2 tran-
sition has been shown in Fig. 4. It can be seen that the devitrified
area extends radially from the central hole at about 400 lm and
that a thin ring of bulk glass with a radius of 150 lm appears sur-
rounding the central hole. This behavior is based on the ablation
process, where a fraction of the material in the center of the focused
spot is shifted faraway of this zone, forming a ring with an amor-
phous behavior.

Fig. 5 shows four EDX mappings superimposed to the SEM im-
age, where the intensity is proportional to the relative content of
the selected element, corresponding to the main elements present
in the sample: Ba, Ti, Si and O. The Nd was not considered because
the low absolute content (only 3% in the precursor glass). On all the
images the relative content does not change meaningfully in con-
trast to other studies in a different matrix [4]. The main reason is
that the composition of the glass is nearly stoichiometric equal



Fig. 6. AFM (500 nm � 500 nm) images corresponding to the glass sample in the non-irradiated (A) and irradiated zones (B).
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Fig. 7. Size distribution of the particles obtained from the Figs. 6A and B
corresponding to the non-irradiated (precursor glass) and irradiated zones,
respectively.
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to the Fresnoite nanocrystals that are formed inside. There is still a
change in intensity on the EDX images not related to the SEM im-
age, due to the different angle of illumination employed, from top
on the SEM and at a small angle on EDX. However, the flat and well
illuminated areas can be compared and they indicate a similar dis-
tribution of main elements present in the sample. The changes that
can be observed show agreement with Fig. 4.

Fig. 6A represents the AFM image of a region of the sample
where no heating treatment was applied. As can be seen, the sur-
face contains particles of very different sizes, most of them ranging
around 80 nm and forming large randomly distributed agglomer-
ates. The roughness of the image is about 5.0 nm. Fig. 6B corre-
sponds to the AFM image of the same sample in the irradiated
area where the heating treatment promoted the growth of nano-
crystals. Although this figure looks similar to the previous one,
the surface roughness has decreased to a value of 2.9 nm. The size
of the particles seen in Figs. 6A and B was measured by applying a
highpass filter to both the topographic image and the so called con-
trast phase mode image (not shown). This is the best way to obtain
sizes by AFM when, as it is the case, the particles are greater than
the tip radius. After the application of a highpass filter, the borders
of the particles resulted enhanced without any distorsion in their
sizes. Most of the particles are 25–30 nm wide as it is shown in
the size distribution in Fig. 7. This result is in good agreement with
the average size of 35 ± 15 nm that was obtained from the XRD
measurement for the Fresnoite nanocrystals.
4. Conclusions

Localized modifications in BTS precursor glass doped with Nd3+

have been induced by laser irradiation. The precursor glass used in
this study (doped with 3 mol% of Nd3+) was fabricated by the melt
quenching method. BTS glass ceramic samples containing nano-
crystals with an average size of 35 nm were obtained by a thermal
treatment of this precursor glass. The results obtained from the BTS
glass ceramic sample were utilized to compare with those from the
irradiated area.

Localized regions of the precursor glass were irradiated by con-
tinuous Ar+ laser. Evidence of the presence of changes induced by
laser exposure was demonstrated by comparing with the spectro-
scopic properties and XRD patterns of the irradiated regions with
those corresponding to the precursor glass and the glass ceramic
samples. Moreover, atomic microscope force images confirm the
formation of nanocrystals with a similar size in this zone. Confocal
micro-luminescent measurements of the emission spectra corre-
sponding to the Nd3+ transitions were obtained under laser excita-
tion at 532 nm. The results are consistent with the formation of a
crystalline phase as a consequence of continuous laser exposure.
Therefore, it is possible to induce the formation of Fresnoite nano-
crystals doped with Nd3+, but it is important to control the laser
power irradiation in order to avoid ablation process in the sample.
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