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The optical properties of B&iSi,Og nanocrystals in transparent crystallized glasses were
investigated. The transparent nanocrystallized glass wisliBgOg crystals having a particle size

of ~200 nm was fabricated by crystallizati¢at 760 °C for 1 h of a glass with the stoichiometric
composition of BarliSi,Og, i.e., 40Ba0O-20Ti® 40SiGQ glass. Both visible second-harmonic
generationgreen light, 532 nmand luminescencéblue light, ~470 nm) could be observed in the
transparent BAiSi,Og nanocrystallized glass, demonstrating the optical multifunctional
nanocrystallized material. It was suggested that the blue luminescence from the transparent
Ba, TiSi,Og nanocrystallized glass originated from the oxygen-related defects of theuSitOn the

Ba, TiSi,Og nanocrystals. €005 American Institute of PhysidDOI: 10.1063/1.1879114

Recently, functional nanosized inorganic crystals, i.e.jty in these nanocrystallized glasses. Furthermore, an obvi-
nanocrystals, embedded in a glass matrix have receivedus blue luminescence was found in the nanocrystallized
much attention, because these are candidates faglass by UV excitation, demonstrating that these nanocrys-
ferroelectrict magnetic’ fluorescent, and nonlinear optical tallized glasses have a significant potential as both nonlinear
materials®® For instance, Wangt al. reported the upconver- optical and luminescent materials.
sion luminescence of Y4, Er** codopediPb,CdF, nanoc- The glass composition used in this study was
rystals in a fluoroaluminosilicate gladsin addition, the 40BaO - 20TiQ- 40SiQ, which is the stoichiometric compo-
second-order optical nonlinearity was clarified in the transsition of the BaTiSi,Og crystal. The glasses were prepared
parent glass-ceramics consisting of nonlinear optical nanoassing a conventional melt-quenching method. Commercial
rystals in the LjB,0,-SrBi,Ta0y" and K,0-Nb,Os-TeO, powders of reagent grade BagOTiO,, and SiQ were
systems. Although it is recognized that such nanocrystal- mixed and melted in a platinum crucible at 1550 °C for 1 h
lized materials have a great potential for advanced photonifh an electric furnace. The batch weight was 20 g. The melts
devices, the second-harmor(H) wave output from these were poured onto an iron plate and pressed to a thickness of
nanocrystallized glasses are very low, because the particlbout 1 mm with another iron plate. Refractive index of glass
size of the crystals is much smaller than its coherent lengtBample was measured at room temperature using an ellip-
(generally~10 um), and the SH intensity is proportional to someter at a wavelength of 632.8 niiie—Ne laser The
the particle size. Furthermore, there is no report about trangylass plates were mechanically polished to obtain a mirror
parent nanocrystallized materials with both excellent nonlinsurface using a diamond slurry and Gegwder and then
ear optical and luminescent properties. In order to achieve Beat treated at various temperatuiBs;, to obtain the trans-
high optical performance in a nanocrystallized glass, the folparent nanocrystallized glasses. The heat treatment was per-
lowing three requirements are indispensalilB: transpar-  formed in a tube furnace. The temperature was maintained
ency of the nanocrystallized glag®) large volume fraction  within +1 °C. Crystallization was carried out by heating the
of nanocrystals in the glass matrix, a(® development of glass at 5 °C/min tdT7, holding atTyr for 1 h, and then
the nanocrystals with a high optical performance. cooling slowly to room temperature. The SH intensity of the

We focused on the fresnoit®a,TiSi,Op) crystal® be-  nanocrystallized glass was measured by Maker fringe
cause a glass with the stoichiometric composition oftechniques® A fundamental wavelength of a Q-switched
Ba,TiSi,Og indicates an extremely high nucleation rate, andNd®*: yttrium—aluminum—garne{YAG) laser at a wave-
the size of the BaliSi,Og crystal formed by crystallization |ength of 1064 nm was used as the incident light. Details of
in the glass is limited to~700 nm! Recently, Takahastét  the second-harmonic generati®HG) measurement are de-
al. demonstrated that the fresnoite-type crystals possess vesyribed elsewherd? Confirmation of photoluminescence and
large second-order optical nonlinearities, comparable to thats spectral measurement for the samples were carried out
of the LINbO; single crystaf® In this study, we succeeded using an ultravioletUV) lamp with a wavelength of 254 nm
in fabricating transparent B&iSi,Og nanocrystallized and a spectrofluorometer with a xenon lamp as the excitation
glasses, and observed a large second-order optical nonlinegource, respectively, at room temperature.

Optical absorption spectra for the precursor glasses sub-

aAuthor to whom correspondence should be addressed; electronic mai€cted t(? the' heat treatment Bt;=760-780°C fo 1 h are
takahashi.yoshihiro@nims.go.jp shown in Fig. 1. The glass sample heat treatedTagt

0003-6951/2005/86(9)/091110/3/$22.50 86, 091110-1 © 2005 American Institute of Physics


http://dx.doi.org/10.1063/1.1879114

091110-2 Takahashi et al. Appl. Phys. Lett. 86, 091110 (2005)

5 0.015 —————1——7—1
[ Ba,TiSi;0, ]
. B nanocrystallized glass
4 2 I o o ]
So0t0f o °‘§ﬂ$§° 6% ]
- @,
g g [ ove® Pge®o o ]
e3 © @gsn%% 0o (<}
© ~— Tel o 0 o0 a
£ z & °%
I} ‘® D
32 g 1
2 £ 0,005 |- ]
I | i
1 0 :‘- '.:..:‘." ﬁﬁ?ﬁéﬁ%ﬁ“""’“ :
[ . IR |
40 -20 0 20 40

0 I
300 400 500 600 700 800
Wavelength / nm

Angle of incidence / deg.

FIG. 3. Maker fringe patterns for the transparentB8i,Og nanocrystal-
FIG. 1. Optical absorption spectra in the wavelength region of 300-800 nnized glass fabricated aff,,;=760°C for 1 h (open circl¢ and the
for the glass samples heat treatedrgt=760-780 °C for 1 h. 15K,0 - 15NB0Os- 70TeQ glass ceramicéclosed circlg. The fabrication of

the 15K,0 - 15NBOs- 70TeQ glass ceramics was carried out using the pro-

=760 °C maintained a good transparency in the visible reedure described in Ref. 5.

gion. However, forT,;=770 and 780 °C, the samples be-

came slightly opaque. Figure 2 shows the SEM image of thg,e \yavelength of the lighg is the radius of the particle in
cross section of the heat-treated precursor glasdial  the medium,M is the ratio of the refractive index of the
=760 °C. In Fig. 1, it is confirmed that the crystal particles aticie o that of the medium, arig is the intensity of the
with a diameter of~200 nm, less than the wavelength of j,jqent light. From this equation, one can realize that both
visible light, are very densely and uniformly precipitated in 4o <maliness of the crystals in the glass matrix, and the

the s_g_mgle. Thelsebcrys(tjal parr]ticles were confirmed t?] bEloseness of the refractive index of the crystals to that of the
B2, TiS1;Og crystais based on the XRD measurement, ThUSatrix are required for the glass-ceramic materials to be
we ;upceeded n fapncatmg an  optically tr"’mSparentransparent. Thus, in this study, the fabrication of the
Ba,TiSi,Og nanocrystallized glass by careful heat treatmentBazTiSizo8 nanocrystallized glass with a good transparency
of the precursor glass. is achieved by the precipitation of the nanosizedB&i,0g

The refractive index for the precursor glass at bk VV":We'crystalline particle and the closeness of the refractive index
length of 632.8 nm was measured to bd.77, which was between the crystal and precursor glass

CIOSE." o that of the B‘J'S'@OB smgle crystal( 1'7.6)' Ac The Maker fringe pattern for the transparent, B&i,Og
cording to Beall and Dukg;, the intensity of the light based nanocrystallized glass fabricated Bt;=760 °C for 1 h is
on Rayleigh scattering is described by the following equagnown in Fig. 3. The data for the transparent

tion: 15K,0-15NB0O5- 70TeQ glass ceramics are also included
A+ cog ) 8+* 6 M2-1 in Fig. 3. A clear green light, corresponding to the SH wave
1(6) = 2 A\ mze2 lo, (532 nm, could be observed coming from the transparent

Ba, TiSi,Og nanocrystallized glasses, demonstrating that the
wherel is the intensity of the scattered light,is the scat- nanocrystallized glass has a function of wavelength conver-
tering angley is the distance from the scattering soureés  sjon based on a second-order optical nonlinearity. The maxi-
mum SH intensity of~1/100 compared to the intensity of
the reference(Z-cut a-quartz single crystalwas accom-
plished in the transparent BESi,Og nanocrystallized glass.
This SH intensity is~10® times greater than the intensity of
the transparent nanocrystallized glasses achieved so far, e.g.,
the transparent 15§0-15NBOs-70TeQ glass ceramics.
Takahashiet al. reported that the large optical nonlinearity
for the BaTiSi,Og crystal (~10 pm/V) originated in the
sequence of the pyramidal Ti@nits along thec-axis in the
fresnoite-type structurésin addition, the halo pattern, which
is a characteristic of amorphous material, could not be ob-
served in the powder XRD pattern for the transparent
Ba,TiSi,Og nanocrystallized glass. Moreover, it is reported
that in the 40BaO - 20Ti©40SiQ glass, the volume fraction
of the BgTiSi,Og crystals reached 1 by the crystallization at
>750°C for 1 h’ These suggest that the precursor glass
almost completely convert into the BaSi,Og phase by the
crystallization. Consequently, the transparent,B&i,Og
nanocrystallized glass meets the three requirements already
mentioned. Therefore, the evolution of such a large SHG for
the nanocrystallized glass was accomplished in this study.
FIG. 2. SEM image of the cross section of the transparenfiBa0g Since the importance of luminescent material for use in
nanocrystallized glass fabricated &ty =760 °C for 1 h. field emission display§FED) and the plasma display panels
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I S | of the nanocrystallized glass. Although the reason for this is
still unclear, it may be concerned with the difference in the
preparation process of the samples.

Fujiwaraet al. succeeded in creating the periodic struc-
ture of nonlinear optical nanocrystals by laser-induced
nanocrystallization in the JO—Nb,0Os—TeG, glass?8 A sili-
cate glass showing nanocrystallizaion has a great potential

100

Luminescent intensity (arb. units)

50 [ \ . : ; : ) C
. S\ Manocrysatiized for use in a photonic device and fiber application. Therefore,
[ precursor giass ™ ] it is strongly expected that the transparent,B&i,Og
~~~~~~~~~~~~ - nanocrystallized glass is an excellent candidate for photonic

devices with an ordered nanostructure and second-order op-

tical nonlinearity. Such an investigation is now in progress.
In summary, we succeeded in fabricating an optically

FIG. 4. (8 Luminescent spectra for the precursor glass, the transparerfransparent BA'iSi,Og nanocrystallized glass from a glass

faline phase Symihesized by & sbid-tate reacibndependence of e ! the stoichiometric composition of the BASi;Og crys-

balue Iurelinesceil/t intensity inythe samples fabricateﬁ,atF)?GO—780°C for tal using a careful heat tre_:a_tment'EnT:?BO °C f9r 1h ,lt

1 h on the heat treatment temperature. was observed that the BESI,Og crystalline particles with

the diameter of about 200 nm were densely formed in the

(PDP) have recently increased, the exploitation of a lumineshanocrystallized glass. A very large second-order optical
cent compound, particularly a blue luminescent material, haBonlinearity, strong green light of SHG, was confirmed from
significantly occurred. It has been reported that the fresnoitt® nanocrystallized glass. In addition, a visible blue lumi-
crystal exhibits a broad blue luminescence in the range dféscence with a peak &t470 nm was also confirmed in this
about 400-600 nrt It is expected that the transparent Sample. It was demonstrated that the transpareftiBgOg
Ba,TiSi,Og nanocrystallized glasses fabricated in this studynanocrystallized glass made in this study possessed both a
also have the capability as a blue luminescence materialarge optical nonlinearity and photoluminescence, i.e., an op-
Therefore, we also examined the luminescent properties f&Ca' multifunctional nanocrystallized material. Furthermore,
the BaTiSi,Og nanocrystallized glasses. Figuré¥shows it was suggested that the blue luminescence from the trans-
the luminescent spectra for the precursor glass, the transpdrarent BaTiSi,Og nanocrystallized glass originated from the
ent BaTiSi,Og nanocrystallized glas$T,;=760°C, and oxygen-related defects in the BaSi,Og nanocrystals.

the BaTiSi,Og polycrystalline phase synthesized by a solid-
state reaction are shown in Fig. 4. The broad emission o
blue light with the peak at-470 nm was observed in the
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