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Effect of calcination temperature on the
luminescent properties of Th-doped
borosilicate glasses
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The luminescent properties of Tb3* have been studied for borosilicate glasses prepared by
a sol-gel method. Gel bodies were formed from solutions consisting of silicon
tetraethoxide, triethyl borate, ethanol, water and terbium nitrate, then sintered into a bulk
glass. The Tb3t luminescence in glasses mostly shows green light under UV excitation,
because the emission line at 545 nm occupies the main part of the energy emitted. The
observed luminescence consisted of four main emission lines originating from the °D,
level. However, a remarkable spectral change has been observed for the Tb3* luminescence
in borosilicate glasses after firing at about 800 °C. This spectral change due to heat
treatment was found to be large enough to show yellow or red luminescence, suggesting
that the crystal field acting on Tb3* is very strong. The spectral energy distribution of Tb3*
luminescence in sol-gel derived borosilicate glasses were investigated in relation to the
effects of calcination temperature. © 7999 Kluwer Academic Publishers

1. Introduction sidered to be dependent on the host lattice through the
Rare-earth (RE) doped materials are becoming morerystal field due to the surrounding ions. Itis known that
attractive for many applications, such as phosphorsthe sol-gel derived glasses can easily change in their
lasers, scintillators, optical amplifiers, optical isolators,structures during firing. Therefore, the luminescence
memories, and integrated optics [1, 2]. Sol-gel technolproperties of TB" in sol-gel glasses were expected to
ogy has a tremendous potential for fabrication of low-be affected by heat treatment.
cost integrated optics and optoelectronic devices [3, 4]. In this work, remarkable spectral changes in the
A buildup of a single-phase glassy network at roomTb*" luminescence have been reported for the first time
temperature is one of the main advantages of sol-geh borosilicate glasses. These spectral changes were
processing. Multicomponent sol-gel processing allowsound to be so large that the typical green lumines-
the preparation of a large number of materials, includ<cence of TB* turned into yellow or red after calcina-
ing ceramics and glasses doped with organic moleculesions at about 800C. The spectral change observed in
Transparent Si@ Al,Os, TiO,, etc. matrices prepared the T -activated borosilicate glasses were studied in
by the sol-gel method are considered as excellent hosterms of the compositional changes using XPS analysis.
for various dopants. Homogeneous borosilicate glasses
were successfully obtained by the sol-gel method [5—9]2 Experimental

Terbium-activated phosphors are well known as_’ P

excellent emitters of green light. The IuminescenceSOI'gel technology is suitable for preparation of amor-

of Tb* under UV excitation is mainly due to the phous bulk, fibers and films [10, 11]. The initial stage

5Dy — 7F; (j =0, ..., 6) transitions. In addition to of a sol-gel processing for a simple one-component sil-

. N . . I ica glass is hydrolysis and polymerization of a silicon
these emission lines, a considerable contribution from 9 ydroly Poly

the higher-level emissiotDs — ’F; is often observed alkox.ide, e.g., silicon tetraethoxide as in the following
in the luminescence. The ¥b photoluminescence in reactions.

most oxide glasses consists of four main emission . .
lines around 490 (blue), 545 (green), 580 (yellow) Si(OGHs)4 + 4H,0 — Si(OH), + 4GHsOH (1)
and 620 (red) nm, which correspond to fi® — F; Si(OH), — SiO, + 2H,0 (2)

(j =86, ..., 3) transitions. Since the emission due to

the®D4 — Fs transition (545 nm) mostly dominates These reactions are enhanced at low gH)in the for-
over all other emissions, the ¥hluminescence usually mation of a gel body. Alcohol is usually added to facil-
appears green to the human eye. The color of luminestate miscibility between water and silicon tetraethox-
cence is determined by the spectral energy distributioide. A microporous gel-glass is formed by a complex
of the emitted light. The luminescence intensity is con-sequence of polymerization, sol formation, gelation,
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The gels were dried and calcined in a furnace in air.

from ambient to 600, 800 or 1000T of itself during drying and firing. Although DMF was
added to the precursor solution, a careful heat treat-
Luminescent Glass ment in the drying process was necessary to obtain
a crack-free dried gel. The gel cracking was still the
Figure 1 Flow diagram for the synthesis of Th-doped §iB,0s  Major problem with the samples at this stage. Firing
glasses by a sol-gel method. at 600°C resulted in the formation of an transparent

. ...__amorphous bulk. It was found that the luminescent and
and gel dryln.g. The stress produ_ceq by the capillary hysical properties of the samples depended strongly
forces assognatgd with the gas—llqwd sgrfaces_ ofte n the calcination temperature. Fig. 2 shows the density
cause cracking in the gel body during drying. This gelytyhe so1_gel derived borosilicate samples as a function
pqdy will sinter into a dense non-porous glass durlngof the calcination temperature, compared with that of
firing at abc_)ut 100@0_ . Pyrex at room temperature. An observed saturation in

Preparation of multicomponent glasses from a m'X'density for the samples calcined above 1000sug-

ture of alkoxides containing different metals is COM- yasts that the sol-gel glasses fired lower than 2ADO
plicated by the different hydrolysis rates of different o g4iil porous in its microstructure. A similar depen-
alkoxides. Terbium nitrate was chosen because of it ence of the density on calcination temperature was
solvability in water as a source of ¥hions. Silicon observed for all sol-gel samples
tetraethoxide and triethyl borate were used as sources The atomic composition and .the chemical state of

of SiO, and B,O3, respectively. Fig. 1 shows the flow atoms in the Tb-do o :

. : ) -doped borosilicate luminescent glasses
d:agram E)Of the slynﬂ|1e5|s r?f d?b(;iopt:d S'Q'BZO3. .__were analyzed by X-ray photoelectron spectroscopy
glasses by a sol-gel method. Our |r;5t COmMpositiony pgy The XPS spectra measurements were taken us-
targedtlng 833.'@178233']9'31@03 (mr?l ) .W?S Pre~ " ing the monochromated K, line (1486.6 eV) as X-ray
pared accor mg_tpt € following scheme. ( )m'xmgsourcewith aninputpowerof225W. The pressure inthe
of 0.028 mol of silicon tetraethoxide with 0.03 mol of analysis chamber was maintained below 10~ Pa.
etham()jl EjEtOHg’ ﬂf—b nltrat%m %TA'E'WT]I amoulnt of wa- The binding energy scale was calculated vs. the A 4f
t?r an |meto)é orn;ar;m he IEi' 21 t elto_ta amount peak at 83.8 eV. A charge shift was observed for all sam-
of water Wan j 2?%_’ (3) (;)d' Ingototizso Utl'o? at rﬁolm ples because of their low electric conductivity and was
temperature for24 ( ) adding 0. 12moloftriethyl oo pected by the Au 4f, peak from the small quantity
borate to the solution; and (4) holding the solution atofgold evaporated onto the sample. Signals form Si, B,
~60°C In an oven Ito for][n wetdg%l.'vl,?:fter 2—3d<;a)(/js @ ¢, 0, and Th were observed in a XPS spectrum ranging
transparent wet gel was formed. was added as gom 100 to 1250 eV for a Th-doped borosilicate sam-
drylng contrplchemlcal ad('jltlve(DCC_A)'[lz] tothe so- ple. Each XPS peak corresponding to the Si 2p, O 1s,
lution to avoid the gel cracking by modifying the surface 7y, 35,2 and B 1s core levels of the sample are shown
tension of the interstitial liquid and the pore size of thein Fig. 3. The results of the atomic composition and the

%EI' Prellmlnarty g?rt]ial ?')t/dtrotsrlf of S|I|;:on| ]:[etrae;[_hox- hemical state obtained from core-level measurement
ide was expected to facilitate the eventual formation of, .. <\ imarized in Table I.

amultication network by compensating its slow hydrol-

ysis rate compared with that of triethyl borate. Silicate

glasses doped with Ph were also prepared along a 3. Results and discussion

procedure similar to that in Fig. 1, however, additionFig. 4 shows energy diagram and main lumines-
of ethyl borate to the precursor solution was skippedcence process of Pb after the Dieke diagram. The
From the precursor amounts, the silicate sample shoultiminescence of T8 under UV excitation is mainly
have a composition of 99.6 Sj@.4Th,O3 (Mol %). from the °D3; and®Dy, levels [13, 14]. The emission

in a Furnace ICalcinationI with increasing temperature (<10C/)  The gel body shrank into about one-tenth in its volume
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Figure 3 XPS spectra of Si, B, O and Tb in a Si®,03:Tb sample.

TABLE | Elements and their oxides determined by the XPS analysis

XPS Peak Binding Energy (ev)

Element XPS Peak This Work Referefce

1241.5
103.5£0.2
193.3
533.0
533.+£0.3

1243.3+1
103.3:0.2
193.3:0.2
533.6:0.2

ThyO3
SiIQ
B,03
B,03
SiO,

Th
Si
B
(0]

Tb 3c)2
Si2p
B 1s
O1s

IHandbook of X-ray Photoelectron Spectroscopy, Perkin-Elmer, 1992

due to the®D4 — “Fs transition is usually so strong
that almost phosphors activated with®ftshow green
luminescence. The luminescence spectra were me:
sured using a fluorospectrometer at room temperature
Fig. 5 shows the luminescence spectra ofTln
83Si0-17B,03 and SiQ glass samples calcined at
600°C for 5 h. Emissions corresponding to gy —

'Fj (j =6, 5, 4, 3) transition were observed for these
samples doped with 0.4 mol% 7®3;. The emis-
sions from the’Ds level were too weak to observe
in our samples prepared by the sol-gel method,
whereas the luminescence largely from ik level
was reported for Tb"-doped glasses prepared by a
traditional melting method when the concentration of
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T3 is as low as 1 wt % [15]. In our sample with the Figure 4 Energy diagram and main luminescence process &f Th
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Figure 5 Photoluminescence spectra of3thin 83Si0,-17B,03 and

SiO, samples calcined at 60C for 5 h. Figure 7 Photoluminescence spectra of 3Th in 83SiQ-17B,03
glasses calcined at various temperatures.

composition 83Si@17B,03-0.4Tk O3, the concentra-

tion of Tb** is 0.6 wt%. This experimental result on change from green to yellow is recognized as a result of
sol-gel glasses suggested that the main part of the e, jncreased intensity ofthe emissions corresponding to
citation energy was emltt_ed as photons from tbg _ the®D4 — "Fzand®D, — 7F, transitions, while no con-
level. It should be noted, in the first place, that UV ir- gjgeraple color change in luminescence was observed
radiation ath ~ 365 nm excites the T ions mostly  ¢5; the TB*-doped silicate samples during firing.
to the°Ds level. Subsequently, the energy relaxation o |50k into this spectral change further, the lumi-
process from th&Ds level to the®D, level was con-  pascance color and the relative intensities of main four
sidered to be much more dominant than the rad'at'v%mission lines of TH" were examined for SiEB,05
transitions from théD, level in sol-gel glasses. There- samples calcined at 100Q. Fig. 7 shows the lumi-
fore, there must be a sequence of internal relaxatiofegcence spectra of sol-gel borosilicate glasses doped
processes from the higher energy leW® to the main with 0.4 mol % ThO; calcined at 600, 800 and 1000
emission levePD, of Th** in sol-gel glasses. It was o 51 |t can be seen from the spectral change in the
also found that the T luminescence in Si®B203  figyre that the emission due to tAB,; — Fs transi-
samples was twice as strong as that in S8@mples. o reached its maximum for the sample calcined at
Similarly, the luminescence spectra offfhin borosili- 800°C and that the emissions due to file, — 7F3 and
cate and silicate samples calcined at80@or Shwere  sp, . 7k, ransitions increased with increasing calci-
measured. As shown in Fig. 6, the *fbluminescence nation temperature. The color of the’fhuminescence
in the borosilicate sample was intensified during the, 55 found to be red for the sample calcined at 10
calcination at 800C, whereas that in the silicate sam- \\hareas the intensity was reduced to about one-tenth
ple remained. Moreover, the luminescent light of the ¢ inat of the sample calcined at 600. Thus the spec-
borosilicate sample appeared to be yellow. The color o, change was large enough to cause a color change
the radiation is determined by the spectral energy disg¢ the TH+ Juminescence in sol-gel derived borosili-
tribution of the emitted light. This luminescence color .4t glasses. Similar measurements were carried out on
Eu*t-activated glasses, however, no noticeable spectral
1000 change due to the heat treatment was found in the sol-
A_ =365nm — 5i0,-8,0,:Tb gel borosilicate samples doped with¥tions.

----- SiO,:Tb Since there was no considerable change in the
energy distribution of the T4 luminescence for the
sol-gel silicate samples after firings at various tempera-
tures, boron was suggested to be a key element affec-
ting the spectral change of the 3bluminescence
in borosilicate glasses. Accordingly, the atomic frac-
tions of Si, B, O, and Tb in the samples with various
compositions calcined at 600, 800 and 10G0were
examined by using XPS analysis. Fig. 8 shows the de-
pendence of the atomic fraction of the glass samples
. on the calcination temperature. It was found that boron
RN ) . content was reduced in the samples from {8§)3;B/

450 500 550 600 650 SiI(OGHs)2=0.42 in precursor solutions, corre-
sponding to a composition of 83SiQA7B,0s-
0.4Th,0O3, when they were calcined above 8@ On
Figure 6 Photoluminescence spectra of3thin 83Si0,-17B,03 and the other hand, the atomic fraction changed very lit-
SiO, samples calcined at 80C for 5 h. tle in the samples from (OfEi5)3B/Si(OCGHs5)4 = 0.02

800 |- D, 'Fs

600 -

400 -

200 -
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100F - as a result of the volatilization of boron species dur-
= (a) (C,H;0);B / 81 (OC;H,),=0.02 ing the heat treatment. Researchers [16-18] reported
% 80} that the percentage of boron lost during processing in-
L Oxygen - .
- JaY A\ A creases as the concentratlon_of boron in _the precursor
S 60| solution increases. Incorporation of boron into the glass
‘g structure for fired sol-gel derived borosilicate glasses is
(L 40 . also suggested from the observation 6fGi-B bonds
o & — Silicon O in infrared spectroscopy [7, 19]. Arai and Terunuma
g 20 [16] noticed the formation of boric acid and its even-
< Boron, Carbon and Terbium tual volatilization in borosilicate glass films fired to low
oRR 1 3 ] X temperatures~400°C). Tayloret al. [19] reported a
600 700 800 900 1000 highestloss of boron during low temperatuxés00°C)
Calcination Temperature (°C) furnace firing and little loss during high-temperature
100F . (>500°C) firing. The volatilization of boric acid must
- (b) (C,H;0),B / Si (OC,H,),=0.42 be enhanced by the slow heating at"@h from am-
& 8ol bient to its firing temperature in our experiment. The
L reaction of borosilicate glass to form boric acid is con-
§ esolA AY A sidered to be limited by the diffusion of water in the
° — O glass. Therefore, the significant boron loss would be
© g .
(t 40} |—— Si-=- B brought by the porous characteristics of the glass sam-
© - C, -o- Tb ples and the slow heating in air.
g 20 & —O— — The boron volatilization during firing will cause
= X\& rearrangement of the network, phase separation or
0 -Qf’ | ®, ' g vacancies in borosilicate glasses. Since. borosiliqa}te
600 700 800 900 1000 glasses have a tendency of phase separation [20], firing

at low temperatures would have induced silica-rich
and boron-rich phases in the borosilicate samples. If
Figure 8 Dependence of the atomic fraction onthecalcinationtempera-such phase separation is the main factor affecting
ture: (a) samples from (Ols)3B/Si(OGHs)s = 0.02 and (b) samples  the T luminescence, emissions coming from §iO
from (OC;Hs)3B/Si(OC,Hs)s = 0.42 in precursor solutions. Tbh3t and B0z Tb3" regions should be observed for
fired borosilicate samples. Then we examined the
spectral energy distribution of b luminescence in
B,0O;3 glasses. Fig. 10 shows the luminescence spec-

Calcination Temperature (°C)

2or —0- 1 (C,H;0),B/Si (OC;H,),= 042 trum of TB** in a 80B,03-20N&0; glass prepared
- : (C,H;0),B / Si(OC,Hy),=0.02 by a classical melting method fired at 8GD. Judg-
15 ing from the energy partitioning into theD; — 'F3
and °D, — 'F,4 transitions, the emission spectrum
10k was found to be similar to that for SB,05:Th3+

shown in Fig. 6, however, the ¥h luminescence in
the 80B.03-20N&03 glass appeared still green. One

B,0, / (Si0,+8,0,) Ratio (%)

5 should note that the luminescence spectrum observed in
o— —— ® the 80B,03-20Ng0:Th*" glass is much different from
Sl ! ! ] 1 that observed in the sol-gel derived $i8,03:Th3t
600 700 800 200 1000 sample fired to 1000C. Therefore the phase separation
Calcination Temperature (°C)
Figure 9 Dependence of thed®s fraction in the sol-gel Si@-B,03:Th 1000
glasses on the calcination temperature. 34
- A_=365nm — B,0,:Tb
s 800k

solutions. These samples containing low concentratiolZ ’D,-"Fy
of B,O3 showed no noticeable color change inthéTb & 6001 (545 nm)
luminescence after firings up to 1080. Fig. 9 shows E
the B,O3 fraction determined by the XPS results on the § s00F 5,
Si0,-B,05:Th samples prepared from solutions con- § D,-"Fg °D,-F,
sisting of silicon tetraethoxide, triethyl borate, EtOH, & (450 nm) (580nm)

) i i £ 2001 D,-'F,
water and terbium nitrate. This result about the sam-g (620 nm)
ples prepared from (Ofls5)3B/Si(OGHs)4=0.42in ~ /\ A\
precursor solutions showed that the@ fraction de- 0 . :

450 500 550 600 650

creased from 15% for the sample calcined at GD0
to 7% for that calcined at 80@, then to 4% for that
calcined at 1000C. The reduction of BO3 fraction Figure 10 Photoluminescence spectrum of¥Ttin a 80B,03-20Ng0
with increasing calcination temperature is consideredlass prepared by a classical melting method fired aP800

Wavelength (nm)
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in Th-doped borosilicate glasses cannot account for thgnd 620 nm for the TH luminescence. The spectral
significant spectral change in the¥bluminescence.  changes due to the heat treatments were found to be
The local environment of a RE ion can be estimatedarge enough to show green, yellow and red lumines-
from its optical properties in the host material, becauseence for the 83Si©17B,03-0.4ThO3 glass samples
the optical radiation of RE ion is mainly due to the calcined at 600, 800 and 1000, respectively. These
forced electric dipole transition induced by odd par-spectral changes in the ¥hluminescence were sug-
ity terms of the crystal field. Luminescent spectra andyested to be due to the boron loss and the generation of
intensity of RE ions are strongly dependent on the symdefects in borosilicate glasses. The sol-gel processing
metry and strength of crystal field by the surroundingand the borosilicate network seemed essential for such
ions. Spectral properties of some trivalent RE ions wergarge spectral changes in the3fduminescence. The
satisfactory explained [21-23] along the Judd-Ofeltunusual TB* luminescence observed in this study cor-
[24, 25] approximation based on the crystal field the-responded to a case of strong crystal field. The detailed
ory. Kuboniwa and Hoshina [26] reported a good agreemechanism determining tf®, — ’F; transition rates
ment between observed luminescence and calculatios to be studied in terms of the crystal field acting on
for Tb*" in some oxides such as YROYBOsz and  Th3+ jons. The experimental observation of the spec-
ScBG;. Their theoretical calculation showed that thetrg| change shows a possible approach to control the

°D4 — 'Fs transition has the largest probability in the [uminescent properties of the RE ions.

°D,— ’Fj (j =3, 4, 5, 6) transitions for all these ma-
trices. The largest transition rate %, — ’Fs is ex-
pected for both the electric dipole and magnetic dipol
transitions of TB* in the metal ion site of the point
group having center or no center of symmetry. It was
also pointed out that the intensity %, — ’F3 transi-
tion can become comparable the thaPbf, — 'Fs of
when the crystal field is very strong, where the Judd-
Ofelt approximation may be inadequate. This theoreti-
cal prediction agrees well with our finding in Thb-doped s,
borosilicate glasses; tAB4 — ‘Fstransition has inten-
sity comparable to that 8D4 — “Fs. Thus, the signif-
icant spectral change in the ¥bluminescence is well
understood as a result of the strengthened crystal fieldg
According to the arguments above, the strengthened
crystal field acting on TH rather than the phase sepa- 9.
ration is directly responsible for the change in lumines-
cent properties of Th-doped borosilicate glasses durin@o'

1.
2.

3.

6.

firing. The volatilization of boron oxides is expected ;,
to modify the crystal field on T8 in the borosili-
cate glasses. The local structure of borosilicate glasses
would have adjusted after loss of boron species, al-
though, the adjustment was found to be inadequate tb
account for the experimental results of the*Thtumi-  ;,
nescence in sol-gel derived borosilicate glasses. Cons.
sequently, the defects due to the volatilization of boron
oxides from the host glass, where the luminesceft Th 16.
is embedded, was suggested to be a probable reason
causing the remarkable change in luminescence. '

18.

. 19.
4. Conclusions

The strong dependence of the luminescent properties.
of Tb3* on heat treatment was found in borosilicate
glasses prepared by the sol-gel method. The intensitg/l-
of the TB* luminescence increased with the calcina->>
tion temperature up to 80C, but at 1000C a sharp 3
decrease was observed in the sol-gel derived borosibas.
icate samples. The color of the ¥bluminescence 25
in sol-gel borosilicate samples showed a strong de?®-
pendence on the calcination temperature. The domi-
nant factor determining the luminescence color is the
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