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Nucleation of Ga ,05; nanocrystals in the K ,0-Ga,03;—SiO, glass system
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A multitechnique approach, consisting of x-ray diffraction, differential thermal analysis, low
frequency Raman scattering from the acoustic vibrations of nanoclusters, and transmission electron
microscopy associated with selected area diffraction, has been used to study the nucleation and
crystallization processes in Sj©Ga0;—K,0 glasses. The specific aim was to determine the
structure and the size distribution of nanoparticles embedded in the glass matrix. It has been found
that nearly spherical nanocrystals #fGa,0;, with a size of~2-3 nm, nucleate during thermal
treatments at 900 °C. Crystallization was observed after annealing at higher temperature. The
amount of the crystalline phase and the mean size of the nanocrystals increased with heat treatment,
time and temperature3-Ga,0O; was the only crystalline phase to appear in all glass samples.

© 2001 American Institute of Physic§DOI: 10.1063/1.1365426

I. INTRODUCTION carried out on a set of samples with different compositions.
Structural studies of an isomorphic series of glasses from the

Studies of nucleation and crystallization processes irsystem SiQ/Ge,0—Al,0;/Ga0;—K,0 were performed by
glasses are interesting both for their fundamental physics andpinska-Kalita et al1*?° using vibrational and Mossbauer
technological applications. In particular, the devitrification spectroscopy.
process of glasses is an important problem related to the In this work we focus on the study of the very early
fabrication of optical fibers or to the synthesis of lasingstages of crystallization in the Sj©Ga0;—K,O glass sys-
materials'~> On the other hand, it would certainly be advan-tem, with the aim of obtaining optically transparent glass
tageous for some applications to obtain optically activeceramics by controlled nucleation and crystallization.
nanocrystals embedded in a silicate glass matrix. The crys-
talline environment of the optically active ion could avoid
fluorescence quenching and provide large cross sections f?lr
absorption and stimulated emissibh® Small sized crystal-
lites are required to avoid Rayleigh scattering losses. Thé. Sample preparation and thermal treatments
host silicate glass, in the form of a planar waveguide, is
compatible with fiber coupling and can be used in integrated
optics®’

Investigations of early stages of crystallization in oxide (K206 3(G&03)12.44S10)s1 .13
glasses were carried out by using different spectroscopic
methods based on local probes, like Raman scattering, lumbe (in mol %) was prepared by mixing pure, analytical grade
nescence, or electron microscdbﬁ.l In particular, low fre- K,CO; and GaO; powders with high purity SiQ powder
quency Raman scattering is very sensitive to structural fea=99.6%. The mixture of reagents was melted within a
tures at the scale of few nanometers, i.e., an intermediate ofgatinum crucible in air at 1550°C for 12 h, and then
between molecular and bulk reginfes:*® quenched by pouring onto a cold metal mold.

Alkali galliosilicate glasses, structurally isomorphic to As-quenched samples were cut in small platelets of typi-
alkali aluminosilicate glasses, were studied in detail bycal size 4<6x2 mnT and then annealed at different tem-
Shelbyet al**~*®and the local structure around the gallium peratures up to 1150 °C in air with a heating rate changing
atoms has been determined by means of an EXAFS studyom 0.4 °C/min(up to 200 °Q to 0.1 °C/min(from 700 °C
to the setup temperatyre further isothermal treatment of 4

aAuthor to whom correspondence should be addressed; electronic maill was performed at the highest temperature of sample an-
mariotto@science.unitn. it nealing.

EXPERIMENT

Glass of nominal composition
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FIG. 1. DTA curve of the as-quenched glass.
as-quenched
B. Experimental methods . . . . . . ,
Differential thermal analysi§DTA) studies were per- 20 30 40 50 60 70 80 90 100
formed using an STA-409 Netzsch instrument; powdered 20 (degrees)
o . .
SanleS’_ Were h_eatefd up t_o_ 1350°C with a heating rate qIIG. 2. Linear plot of the XRD patterns of glass samples annealed at dif-
10 °C/min in static air conditions. ferent temperatures. The base lines of the different spectra are reported on

X-ray diffraction (XRD) spectra were collected on a the right-hand side.
Rigaku diffractometer ir9-26 Bragg—Brentano geometry us-
ing CuK« radiation and a graphite monochromator in the
diffracted beam. 950 °C, and peaks at about 850 °C. It could be related to a
Transmission electron micrograpiSEM) of the pow-  hucleation process involving gallium oxide, as we will see
dered samples spread over carbon coated copper grids wed¥ analyzing the XRD data.
obtained by using a Philips 400 T microscope, operating at XRD spectra of the samples annealed at different tem-
120 kV. peratures are plotted in Fig. 2. The diffraction spectrum of
VV and HV Raman scattering spectra of glass plateletsthe as-quenched glass exhibits two very broad bands in the
mounted into an evacuated optical cryostat at room temperdange 15°-100°, which are typical of glass systems. In
ture, were taken by using either the 488.0 or the 514.5 nngamples annealed at 920 and 1150°C a crystalline mono-
line of an Ar" ion laser with a power of 300 mW at the clinic 3-Ga0; phase was also detected. The mean crystallite
sample surface. The scattered light was collected at 90° tgize, calculated by means of the Warren—Auerbach method,
the incident beam and focused onto the entrance slit of #creases from-2-3 nm at 920 °C, to-13 nm at 1150 °C.
double monochromator(Jobin—Yvon, model Ramanor Finally, the XRD spectrum of the sample treated in the ther-
HG2-9 mounting concave holographic gratingg000 lines/ mobalance oven at 1350 °C, shows the presenge 6,053
mm). The filtered radiation was detected by a cooledcrystallites with mean diameters of 20-25 nm. No other
(—35°C) photomultiplier tube operated in photon counting crystalline phase was identified in our annealed samples. Due
mode, which was interfaced to a multichannel analyzer and & the small amount of material available to measurements,
personal computer. the diffraction spectrum of the sample treated at 1350 °C in
Raman spectra were recorded with resolution of 0.5 to 3he thermobalance oven shows a strong band peaked at 18°
cm L. The reproducibility of peak position and intensity was (2-theta which is due to the polybutadiene-based adhesive

determined by taking independent measurements in two ditised as sample holder.
ferent regions of each sample. Figure 3 is a TEM micrograph showing the microstruc-

ture of the as-quenched glass. Several particles of the as-
quenched glass powder were sampled by TEM. Selected area
diffractions (SAD) patterns did not reveal any crystalline re-
flection but the typical halo of amorphous systems. Very fine

Figure 1 shows the experimental DTA curve for rings were detected in SAD patterns of the sample heated at
Si0,—Gg05;—K,0; two main differently structured bumps 920 °C(Fig. 4). Unfortunately, the analysis of SAD patterns
are detectable in the temperature range 600—1050°C. Thdid not allow for an unambiguous phase identification. The
first structure, observed at about 650 °C, is attributed to thenicrograph in Fig. 5 shows the coherently scattering do-
glass transition temperatur& §) of the system,; this value is mains, which are uniformly distributed inside the amorphous
consistent with the literature data for ternary galliosilicatematrix; this suggests that, at this annealing stage, crystalline
glass?! The second exothermic band, which is much broadenucleation has already occurred within the sample. The esti-
and more structured, occurs in the temperature range 700mated crystallite size ranges fromd to ~10 nm. A crystal-

Ill. RESULTS
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FIG. 3. TEM micrograph showing the microstructure of the as-quenched G- 2 TEM miczograph showing the sample microstructure after thermal
glass. treatment at 920 °C.

modes of SiQ tetrahedra, and the Si—O stretching bands in
the region 800—1200 cnt.?? There is no evidence of Raman
Bands due to Ga—O bonds. In fact, the bands attributed to
rocking modes of Gaptetrahedra and to Ga—O stretching

line phase, identified as a monoclinde Ga,0;, was detected
in the glass annealed at 1150 °C. An amorphous structure
still present, as proved by the diffuse halo visible in the

electron diffraction patterns. The microstructure of the -~ . o
i - vibration, occurring in the wave number ranges 400—550 and
sample reveals the presence of two sets of particles wit

_1 . . « .
different sizes within the glass matrix: a homogeneous dis- 00-650 cm-, respectively, in _glassgs CO”ta'Q'”g 08
L ; . . O were previously reported as being quite wédik® The Ra-
tribution of small particles, with typical crystallite sizes of

~5 nm, coexists with larger grains, with sizes in the rang man spectrum of the sample annealed at 650 °C is very simi-

15-40 nm(Fig. 6. These TEM observations confirm theelar to that of the as-quenched glass. After annealing at

XRD results: in samples annealed at 920 °C, small-size crys£§70 C, in VV polarization a strong low-frequency peak ap-

tals of B-Ga&a,05 nucleate, while crystals of larger size grow pears in th? spectral region of the boson band; 4@ cm .
in samples treated at 1150 °C. This peak is also present in the VV spectrum of sample an-

. . . nealed at 920°C, but disappears after thermal treatments
Figure 7 shows the VV polarized Raman spectra carried o
above 1000 °C. In fact, Raman spectra of these samples show
out at room temperature from as-quenched glass and from .
. many sharp peaks superimposed onto the broad bands of the
some samples treated at different temperatures. The as; . R -
. .“glass matrix. The sample annealed at 1150 °C exhibits a

guenched glass shows a Raman spectrum typical of oxid . . .

%}rong low-frequency scattering continuum, which results
n

glasses. The main bands are: a depolarized boson peak wi 0 an extended tail of the elastically scattered ligRay-

maximum at about 60 cnt, a polarized broad band with i . .
maximum at about 450 crit mainly due to O—Si—O rocking leigh component Figure &a) compares the VV polarized

spectrum of sample annealed at 920 °C with that of the as-
quenched glass. The normalization factor of these two spec-
tra was determined by superimposing their intensities in the
region around 1000 cit. Apart for the presence of an in-
tense peak centered aB7 cmi 1, the two Raman spectra are

FIG. 4. Selected area diffraction pattern of the sample annealed at 920 °@IG. 6. TEM micrograph of the sample annealed at 1150 °C: two sets of
thin diffraction rings are visible. particles are clearly observable.
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Frequency shift (cm™ ) Within a simplified model that considers the vibrations
of a free sphere made of a continuum isotropic elastic me-
%ium, two kinds of acoustic modes are expected to be Raman
active: the =0 and |=2 spheroidal vibrations,
respectively’®?® The =0 surface vibration symmetric
quite similar. The comparison of the spectra recorded froninodes are active only in VV polarizatithand have fre-

the same samples in HV polarizatipRig. 8(b)] shows the guencies given by

presence of a weak peal§ at25 cm’l in the sample an- wo=Agv,/2rc, 1)
nealed at 920 °C. The noticeable difference between the two _ - o

HV polarized Raman spectra in the region 300—600 tm wherev, is the longitudinal sound velocitf, is a constant
[see Fig. 80)] is probably due to a spurious effect; in fact, Which depends on the ratio between the transverse and lon-
the exciting beam is partially depolarized inside theseditudinal sound velocitiesc is the velocity of light in
samples due to their poor optical quality. This causes a spillvacuum, and s the diameter of the sphere. To apply this
over effect. i.e., the H\(or VV) spectrum contains some VV model to a nanocrystalline cluster, a value wgfaveraged

(or HV) scattering contribution. Since the optical quality of OVer the different crystalline directions should be considered.
sample annealed at 920 °C is better than that of as-quenched Thel=2 SUffaC? qqadrl;po'lar V|brat|on§ are active both
glass, there is a weaker spillover effect in the thermallyin VV and HV polarizations? with frequencies

treated sample. w,=A/2rc, 2

FIG. 7. VV polarized Raman spectra of as-quenched glass and sampl
treated at different temperatures.

whereu, is the transverse sound velocity. Therefore, on the
basis of the ratio of the Raman peak intensities in HV and
DTA measurements on Sj9Gg0;—K,0 glass show an VV polarizations(or the depolarization ratjpwe are able to
exothermic reaction in the region 800—900°C. XRD andassign the Raman spectra to symmetridat @) or quadru-
TEM data from the sample annealed at 920 °C evidence thpolar (1=2) vibrations. Moreover, from the frequency posi-
nucleation of3-Ga05; nanocrystals within the glass matrix, tion of the maximum and from the line shape of the Raman
with a mean diameter of less than 5 nm. Sample annealing g@ieak, it is possible to derive the mean size and the size dis-
higher temperatures produces a growth of the nucleated patribution of the vibrating spherical clusters, by using ED.
ticles. In particular, after thermal treatment at 1150 °C,or (2) and by taking into account the particle-size depen-
B-Ga05 crystals with dimensions ranging between 15 anddence of the Raman scattering cross sectiofl.
40 nm are observed. They coexist, however, with nanocrys- In order to isolate the contribution of the nanoclusters
tals of smaller dimensions. acoustic vibrations, it is necessary to subtract the Raman
Raman spectra from samples annealed at temperaturesattering contribution of the glass matrix, since it also pre-
higher than 800 °C reveal the presence of nanocrystals ensents a peakthe boson peagkin the wave number range of
bedded in a glass matrix, and provide precise information ointerest. This operation cannot be performed in a simple way
their size. In fact, we attribute the low frequency scatteringbecause the Raman spectra of the annealed and of the as-
peaks observed in the sample annealed at 920 °C, to thguenched glasses are not the same. In particular the normal-
acoustic vibrations of G&®; nanoparticles dispersed in the ized spectral intensity of the VV polarized broadband cen-

IV. DISCUSSION
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appear in both spectra, but their VV contribution is probably
hidden by the low frequency tail of the far more intense peak
due to the symmetric vibration&ig. 9a)]. If these assump-
tions are correct, from Eq$l) and (2) it can be found that
the frequency ratio of the peaks in VV and HV spectra
should be wyy/wyy=welw=(Ag/As) (v /vy). To our
10 knowledge the sound velocities @ Ga05 have not been
measured. They can be roughly estimated by comparison
with similar oxide compounds, to hg~9x10° andv,~6
los X 10° m/s. Using these values we findA;=0.72, A,
=0.84, wyy /wyy=1.3, which is a value not very far from
the measured frequency ratio of the two peaks, i.e., 1.5.
L T S E 0.0 From Egs.(1) and(2) a nanocrystal mean siZd) (diameter
50 100 . '1°°_1 50 050 100 150 of the sphergof about 5 nm is obtained.
Frequency shift (cm ) A more exhaustive analysis of the above results should
FIG. 9. (8 VV and (b) HV polarized Raman spectra of the glass annealed atconsider the homogeneous broadening and the shift of the
920 °C (upper solid linesand of the as-quenched glass after correction for Raman peaks due to the interaction of the particles with the
spi!lov_er effects between the two polarizatiof@pen circles The lower glass matrix and the size distribution of the particles, as sug-
solid lines are the related difference spectra. . . .
gested in Ref. 28. Both a Gaussian and a log-normal distri-
bution were used to fit the line shape of the Raman peaks.

tered at about 500 ct, assigned to the rocking modes of The two distribution gave similar result$q>_=3.8 nm and
the silica backbone, is stronger in the annealed glass than fid=0-8 "M, wherev is the standard deviation of a Gauss-
the as-quenched one. The two glasses have different stryf@n distribution of particle size around the mean diamér
tures since the crystalline nucleation reduces thgOgaon- The model prowde§ a smaller mean size)(=3.8nm) than
tent in the glass matrix. Another difficulty arises from the that (d)=5 nm) directly obtained from Eq¢1) and(2) by
fact that the optical quality in the untreated sample is ratheHSing the peak positione,=37 or w,=25cm . This is
poor and, as discussed above, an important spillover is otg_ue to the fact thgt the Raman intensities of _the particle
served especially in the depolarized spectra, as seen in tffa°des aré proportional to volume of the particles them-
HV spectrum of Fig. 8 in the region around 500 cmThe selves: different Raman weights produce an inhomogeneous
HV (VV) spectrum was corrected by subtracting a propefR@man line shape with a maximum of the amplitude which
fraction of the VV (HV) spectrum, obtained from the same does not correspond to the maximum of the size distribution.
sample. After this procedure, the HV spectrum of the asYUnfortunately, the lack of knowledge. of the_ elastic param-
quenched glass and of the annealed samples could be reas&e"S ©f G&Os does not allow to obtain precise evaluations
ably superimposed in the spectral region 300—1000 ‘tm of the mean size and size distribution of the nanoparticles,
Finally, the spectra of the as-quenched sample were suE{‘-’hOS_e values scale proportionally to the inverse of sound
tracted from those of the annealed one, thus obtaining th¥€loCity. _
contribution originating from the nanocluster vibrations. Fig- Ve did not observe the low frequency Raman peaks in

ure 9 shows the results of this procedure on the spectra takdfie 9lass annealed at 1150 °C. However, we believe that in

with higher resolution in a smaller wave number range, fromiNiS Sample a strong Raman scattering is present at very low

—150 cm ! (anti-Stokes sideto +150 cm ! (Stokes side It~ Wave numbers¢<5 cm ), which is not resolved from the
should be noted that the procedure assumes that the Ram&lqStic scattering. The reason could be the high frequency tail
spectra of the two glasses have the same shape and intens‘ﬂg/a peak due to vibrations of large particles. Particles with a
in the boson peak spectral region. This is most probably nofiameter of 15 nnfor 40 nmj, as revealed by TEM and XRD
true. However, systematic errors could appreciably affect thd"alyses, should present surface modes at the wave numbers
result in the case of the HV spectrum, but not in the case ofo™ 12 (or 4.5 cm™) andw,~8 cm™* (or 3 cm ), respec-

the VV, where the particle peak has a much stronger intensitjVé!Y- In this wave number range our experimental apparatus
than the boson peak. should be able to resolve a peak from the elastic line. How-

As presented in Fig. 9, in HV polarizatiofs) a peak Vel in the presence of a large distribution of particle sizes,
centered at 25 cit is observed with a full width half maxi- @n important broadening and shift of the peak towards low
mum (FWHM) of ~23 cm %, while in VV polarization(b) a frequency is expected. This could explain the observation of
peak centered at 37 cthwith a FWHM of ~36 cmi t is gstroqg increase of the Raman intensity towards the elastic
observed. For graphical reasons the intensity scales in Fighn®: without the presence of any observable peak.

9(a) and 9b) are not the same: actually, the VV peak is about

6 times more intense than the HV. On the basi; of the resultﬁ CONCLUSIONS

presented here we suggest that both symmetric and quadru-

polar vibrations of3-Ga,0O5; nanocrystals are observed. Sym- We have investigated the nucleation and crystallization
metric vibrations are Raman active only in VV polarization processes in the glass matrix using different experimental
and produce the intense VV peg@kig. 9a)]. Quadrupolar techniques. Nucleation g8-Ga0; nanocrystals, with sizes
vibrations, observed in the HV spectryfiig. Ab)], should smaller than 5 nm occurs at temperatures close to 900 °C.
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