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In this work we present the spectroscopic assignments of Ti** and Ti** in titanium-doped OH™ free low-
silica calcium aluminosilicate glass and the influence of structural defects on the observed long lifetime and

high fluorescence intensity of Ti’* ions. Measurements were performed with electron-spin resonance (ESR),
time resolved luminescence, ultraviolet-visible (UV-VIS) optical excitation and emission spectra, and conven-
tional optical absorption and photoconductivity. The ESR data showed that the Ti**/Ti** ratio increases with
the doping concentration and that the Ti>* ions are in distorted octahedral sites. The assignment of the Ti** and
Ti** emission bands derived from the spectroscopic results allowed us to propose a model explaining the

mechanisms involved in the luminescence processes. The long lifetime of the Ti** emission around 650 nm (on
the order of 170 us) is about two orders of magnitude higher than the values found in the literature and was
associated to the trapping of the excited electrons by the glass defects followed by detrapping via defect
recombination. In conclusion, the combination of several techniques permitted a comprehensive characteriza-

tion of the Ti ions in this OH™ free glass.
DOI: 10.1103/PhysRevB.78.224202

I. INTRODUCTION

In a recent paper! we reported the development of
Ti**-doped OH~ free low-silica calcium aluminosilicate
(LSCAS) glass with broad emission band from about 500 to
800 nm and fluorescence lifetime about two orders of mag-
nitude higher than those of known Ti’*-doped crystals or
glasses. This observation deserves special attention due to
the fact that the synthesis of trivalent titanium in glass is a
difficult task to be accomplished. In addition, previous re-
sults showed that transition metals in the 3d' electronic con-
figuration usually do not exhibit long fluorescence lifetime
due to the allowed electronic transition and the high sensi-
tivity to the crystal field. The low lifetime value for this kind
of system is known to be a drawback in terms of obtaining
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inversion in the population of the involved electronic level.
On the other hand, an important remark that has motivated
the study of the 3d" electronic configuration energy levels is
the absence of excited-state absorption as observed in several
materials doped with Ti**, V#*, Cr’*, and Mn®* (Refs. 2-5)
that has been associated with high optical gain from visible
(VIS) to near infrared (NIR),%7 broad emission band,®? ul-
trashort time switch,'® and high fluorescence quantum
efficiency.!!-14

The presence of other valence states of transition metals
than the desirable 3d' electronic configuration is probably
the main challenge for the synthesis of solid-state materials
doped with transition metals prepared at high temperatures.
Concerning Ti doping in oxide materials, the presence of
Ti**, Ti**, and Ti**-Ti** pairs defines the optical properties
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of the obtained samples. For example, the generation of
excited-state absorption of the electronic excited-state 2E
levels of Ti** or the direct parasitic broadband near infrared
absorption around 800 nm are associated to pairs of
Ti**-Ti**.1>-1° The main characteristic of Ti** ion is the
broad blue emission band as observed in Ti:MgAl,O, (Ref.
20) and Ti: YAIO;,>! which originated from charge transfer
between Ti** and oxygen bridging. This emission band has
been the subject of interest in the search for tunable solid-
state lasers in the blue spectral region.?”

Therefore, the interpretation of the mechanisms involved
in the observed emission of our Ti-doped samples demands
the knowledge of the glass structure such as ion coordination
and the matrix defect distribution. Then, the purpose of this
work is to investigate the mechanisms involved in the pho-
toluminescence processes in the TiO,-doped LSCAS. To do
that, two sets of samples with different TiO, concentration
were prepared and analyzed by the following techniques: op-
tical absorption (OA), UV-VIS optical excitation (OEx) and
emission spectra (OEm), time resolved luminescence (TRL),
electron-spin resonance (ESR) and photoconductivity. In ad-
dition, the basicity of the samples was calculated by the
Duffy model,?> which was used to explain the related equi-
librium between Ti** and Ti*" ions in the glass.

II. EXPERIMENT
A. Glass preparation and characteristics

The samples were prepared with high grade of purity ox-
ides in wt %. The first set of glasses was melted with 41.5%
of Al,O3 (5N), 47.4% of CaO (5N), 7% of SiO, (5N), and
4.1-X% of MgO (5N) with X=0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0, and 3.5% of TiO, (4N). The second set composition was
41.5-Y% of Al,O3 (5N), 47.4% of CaO (5N), 7% of SiO,
(5N), and 4.1% of MgO (5N) with Y=0, 0.25, 0.5, 1.0, 1.5,
2.0, 2.5, 3.0, and 3.5% of TiO, (4N). The mixtures were
melted under vacuum atmosphere at 1600 °C for 2 h. This
procedure was adopted to remove the presence of OH™ from
the sample and was our route to obtain a high ratio of Ti**
oxidation state in the glass. The samples were polished with
optical finishing according to the used technique.

Previous thermomechanical and optical characterizations
of this OH™ free low-silica calcium aluminosilicate glass
have shown its excellent properties such as phonon energy
on the order of 780 c¢cm™!, which is lower than those of phos-
phate, silicate, and germanate glasses;>® high thermal-
conductivity values of about 1.5 W(m K)~!; and glass tran-
sition temperature (7,) at approximately 850 °C.** This
glass also presents high IR transmission (up to 6 um) (Ref.
25) and high resistance to laser damage.?® In addition,
LSCAS glass doped with several rare-earth cations?’~2° was
shown to be a promising host for laser applications.

B. Methods of characterization

The OA experiments were recorded at room temperature
using a UV-VIS-NIR Perkin Elmer Lambda 900 spectropho-
tometer using samples with average thicknesses of about 0.5
mm. The OEx experiments were carried out using a 450W
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Xe* lamp and a HIOD Jobin Yvon monochromator. OEm
was collected by an optical fiber and analyzed by a Triax 320
Jobin Yvon monochromator with a 600 grooves/mm grating
(resolution of 0.05 nm) and a Peltier cooled charge coupled
device (CCD) detector. The first step was the determination
of the emission spectra dependence on the scanning excita-
tion wavelengths from 200 to 450 nm. We used 5 nm steps
and recorded the optical emission for each excitation. This
experimental procedure allowed us to identify the spectral
region with the most intense emission generated from differ-
ent excitations. Knowing the emission region we fixed the
wavelength in the monochromator and recorded the emission
from the sample by scanning the excitation wavelength with
the Xe* lamp coupled in a second monochromator. The ob-
tained excitation spectra were normalized by the lamp emis-
sion spectra. This method permits one to perform deconvo-
lution of the optical-absorption spectra and to assign the
observed emission to each excitation band.

TRL experiments were carried out to obtain the temporal
behavior of the emission decay. The samples were excited
with third or fourth harmonics of a pulsed Nd**: YAG laser
Spectra Physics Quanta-Ray GCR130, which delivers pulses
of 10 Hz with 10 ns of time length and 0.1 ¢cm™' spectral
width. The emission of the sample was analyzed by an Oriel
f-125 monochromator with a grating of 400 grooves/mm and
detected by an Instaspec V detector combined with a gate
intensified CCD camera calibrated with an Hg fluorescent
lamp. The temperature dependence lifetime was performed
with the sample fixed at a cold finger of a nitrogen cryostat
coupled with a temperature system control from 77 to 400 K
and the lifetime acquisition was made as described in Ref. 1.
The samples were cooled down at 10 K and slowly heated
until 400 K. The lifetime values were calculated by using the
integration method as described in Ref. 30.

The ESR instrument used was a homemade set up oper-
ating at 9.5 GHz in the X band, and the measurements were
performed at both room and low temperatures (at 8 K). The
photoconductivity measurements were carried out as de-
scribed in Ref. 31.

III. RESULTS AND DISCUSSION

A. Spectroscopic characterization of color centers
in the undoped and TiO, doped glasses

Figure 1 shows the optical-absorption spectra measured in
the LSCAS samples that were obtained by exchanging MgO
by TiO,. The spectral range was from 200 to 1000 nm. The
intense and very broad absorption in the UV region is a
result of superimposed bands from Ti** and Ti** ions.!®3
There is also a broad absorption band near 540 nm that has a
tail extending to the near infrared region, which may be re-
lated to Ti**-Ti** ion pair interactions.'®323* As a character-
istic of these absorption bands, a deep brown coloration was
observed in the prepared samples at concentrations above
1% TiO,. The deconvolution of the absorption spectra and
the assignment of the mentioned optical-absorption bands to
each Ti ion will be presented later on in this paper. The
results for the second set of samples showed the same char-
acteristics; hence, it will not be shown.
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FIG. 1. Optical-absorption spectra for the LSCAS glass as a
function of TiO, concentration.

In order to obtain a full picture of the excitation and emis-
sion spectra in the undoped LSCAS sample we performed
several luminescence experiments with different excitation
wavelengths. From that we constructed an image plot of the
emission against the excitation wavelengths as shown in Fig.
2(a). The emission intensities are represented by the color
pattern shown in the right-side scale. The observed fluores-
cence centered at 430 nm for excitation at 249 nm is due to
lattice defects such as F color centers.'® The barycenter of
the emission bands was constant with the variation in the
excitation wavelength, indicating the existence of only one
kind of color center occupying different sites. Figure 2(b)
shows the emission and excitation spectra of the marked po-
sition in the contour plot, illustrating the band form. The
excitation spectrum was obtained by recording the emission
at 440 nm and the emission spectrum excited at 240 nm. The
fitting of the excitation spectrum with a single Gaussian
function (solid line) evidenced its symmetrical shape rein-
forcing the existence of only F kind color centers. Similar
fitting procedures were also performed taking into account
excitation spectra recorded at 420 and 450 nm, giving always
a single Gaussian behavior. Another evidence of F color cen-
ter in the natural disorder of these sites in the glass was
verified by observing the nonexponential decay of the emis-
sion at 430 nm (shown in Fig. 3), which was calculated by
the integral method®® resulting in a value of 18 us.

Next, the undoped sample was irradiated with the third
harmonic of the Nd**: YAG laser at 355 nm for 10 min. The
induced change in the optical-absorption spectrum is shown
in Fig. 4. The presence of a new absorption band in the
UV-blue regions illustrates the photochromism of this glass
similarly to what has been shown previously.>>*® Repeating
the emission and excitation experiments in this irradiated
sample using the same procedure described before, two
emission centers are now observed. The first at 425 nm cor-
responds to the 249 nm excitation [Fig. 5(a)] similar to that
of Fig. 2, while that at 535 nm, corresponding to the 323 nm
excitation [Fig. 5(b)], is a new emission band which is very
weakly (at the maximum peak position) generated after the
sample irradiation. The excitation spectrum is very noisy and
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FIG. 2. (Color online) Image plot of the emission vs excitation
spectra (a) for several wavelengths, and excitation vs emission
spectra (b) for the undoped LSCAS. The marked position in the
image plot (a) indicates the respective region of excitation and
emission of the spectra shown in (b).

as a consequence it was not possible to estimate the fast
lifetime value with precision. This observation confirms the
generation of additional color centers in the lattice, which
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FIG. 3. Undoped LSCAS luminescence decay at 431 nm under
266 nm excitation.
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FIG. 4. Optical-absorption spectrum of the undoped LSCAS:
before irradiation (black line) and after 10 min of irradiation with
355 nm (dashed line). The dotted line is the difference between the
two spectra.

can be attributed to F* color centers created by ionization
during the sample radiation. In this case, the electrons from
O? can be removed by the laser radiation and trapped in the
neighbor vacancies. Similar results were obtained and asso-
ciated to the color centers in pure MgAl,O, spinel crystals®®
whose emission centers were observed at 450 and 720 nm
for excitations around 350 and 270 nm, respectively.

Figure 6 shows the image plot and the emission and ex-
citation spectra for the 1.5 wt% TiO,-doped LSCAS
sample. It is possible to observe two emission bands: one
centered at 490 nm for excitation wavelength at 270 nm [Fig.
6(a)] and the other at 650 nm for excitation at 330 nm [Fig.
6(b)]. These emission peaks are much more intense than that
observed in the undoped sample. Furthermore, there is a
small shift in the center position of both emission and exci-
tation spectra in comparison with those from the color cen-
ters in the undoped glass showed in Fig. 5. Since the excita-
tion spectrum close to 270 nm exhibits a nonsingle Gaussian
behavior, the fitting was performed in energy scale. To do
that we used a Gaussian curve with the parameters from the
F color centers obtained in Fig. 2, with the maximum at 240
nm, and a second Gaussian centered at 271 nm, which is
attributed to Ti** ion emission as will be demonstrated in
Secs. III B and I F. This strong UV absorption band has
been associated to charge-transfer processes between Ti**
and O>~ ions by the two possible molecular transitions
tlu(ﬂ'b)—n‘zg('n' ) or t, () —1,,(7") as observed by Yamaga
et al.'®*" in Ti-doped Al,O5 crystals. Considering the intrin-
sic excitation band in the nonirradiated LSCAS-undoped
sample, we detected only one broad emission band with the
maximum at 486 nm. Then, we believe that this emission is
related to just one of these expected transitions for Ti** ions
as can be seen in Fig. 6(a). The broad emission band at 650
nm obtained under pumping at 330 nm [Fig. 6(b)] is assigned
to Ti** ions. The presence of these ions in the samples will
be confirmed later by the ESR measurements. This red emis-
sion is less pronounced than that in the blue region. The
fitting of the excitation spectra was performed with a single
Gaussian function. This band has been attributed to the tran-
sition *E— 2T, from the Ti** ions in an octahedral site.38
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FIG. 5. (Color online) Image plot of the emission vs excitation
spectra for several wavelengths of the irradiated undoped LSCAS
samples. The plot shows (a) the luminescence and the excitation
spectra at 431 and 241 nm, respectively, and (b) the luminescence
and excitation spectra at 527 and 325 nm, respectively. The Gauss-
ian fit in (a) was performed for the respective marked regions in the
image plots (a) and (b), respectively.

Basun et al.'” reported similar results for the emission and
excitation spectra of Ti** and Ti** ions in Ti-doped YAP
perovskite.

Figure 7 shows the contour plot and the excitation and
emission spectra for the sample with 3.5 wt % of TiO,. The
peaks around \.,=340 nm and \.,,=650 nm in Fig. 7(a) are
related to Ti** ions, while those around \.=270 nm and
Nem=480 nm in Fig. 7(b) are attributed to Ti** ions, similar
to those observed for the 1.5 wt % TiO, glass. This intense
orange emission, as already shown in Ref. 1, confirms the
formation of high concentration of Ti** ions in the glass,
showing that the ratio Ti**/Ti** increased as a function of
the doping concentration. An interesting feature of this or-
ange emission, full width at half maximum (FWHM) of
4237 em™!, is that it is broader than those of other materials
doped with 3d' transition metals such as the traditional
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FIG. 6. (Color online) Image plot of the emission as a function
of the excitation of LSCAS doped with 1.5 wt % of TiO,. In (a) the
UV excitation and blue emission for Ti** charge transfer are shown.
Below the excitation band the two components fitting with two
Gaussians are shown—one attributed to the undoped sample color
center and the other related to Ti** charge transfer. In (b) the exci-
tation and emission bands for the orange emission attributed to Ti3*
ions are shown.

Ti**: AL,O; crystal’® (FWHM of 3200 cm™!), and Cr’*:SiO,
glass (FWHM of 4200 ¢cm™').%0 The peak position of this
band is also comparable to that of some crystals such as
Ti**: YAIO;.*' Our system presents the emission band
shifted toward shorter wavelengths in comparison with the
Ti**: AL,O, crystal as shown in Fig. 8. This result is similar
to those shown in Ref. 1 for LSCAS doped with 2.0 wt %
TiO,. Another interesting fact observed from the contour plot
of Fig. 7 is the generation of white light (WL) in the sample
under excitation by 300 nm. Figure 9(a) shows the TRL data
under excitation at 266 nm performed with the fourth har-
monic of the Nd**: YAG laser. In this case only the energy
levels involving charge transfer of Ti** and 0%~ are excited,
which results in a luminescence band centered around 470
nm. The fact that the curve shape is similar for different time
delay intervals reveals again that the emission originated
from a single excited level. Figure 9(b) represents the lumi-
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FIG. 7. (Color online) Image plot of the emission as a function
of the excitation of the LSCAS with 3.5 wt % of TiO,. In (a) the
excitation and emission bands for orange emission are attributed to
Ti** jons. In (b) the UV excitation and blue emission associated to
Ti** charge transfer are shown. Below the excitation band the two
components fitting with two Gaussians are shown—one is attributed
to the undoped sample color center, while the other is related to the
Ti** charge-transfer band. The generation of white light for 300 nm
excitation is also shown.

nescence decay showing a nonsingle exponential behavior.
The decay was fitted with two exponential components with
values of 0.7 and 5.6 us. According to Wong et al.'> these
slow and fast components are associated to the nonlocal and
local charges compensated of Ti**, respectively. This charge
compensation is related with the average distance between
the Ti** and the glass cations. Under excitation at 355 nm
with the third harmonic of the Nd**:YAG laser, the TRL
data for this sample show the same shape for different time
delay intervals similar to that observed for the 2.0 wt %
TiO, LSCAS glass described in Ref. 1. This is a character-
istic result of a single excited level. Figure 10 shows the
average lifetime values of the 2 wt % TiO,-doped LSCAS
as a function of temperature, which were calculated by the
integral method. A considerable increase from about 90 to
1800 ws was observed when the sample temperature was
varied from 400 to 77 K. In our previous paper! this long
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Ti-sapphire crystal (Ref. 39).

lifetime was associated with the interaction of Ti** ions with
structural defects, similar to materials that present mecha-
noluminescence effects such as Ti**,*2 Eu**,*? and Ce?* (Ref.
44) doped systems. Further evaluation of this long decay-
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FIG. 9. (a) Time resolved luminescence spectra of the 3.5 wt %
TiO, LSCAS under 266 nm excitation with initial delay time of 100
ns and steps between acquisitions of 100 ns. (b) Blue luminescence
time dependence measured at 486 nm.
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FIG. 10. Lifetime values as a function of temperature for emis-
sion at 630 nm of the 3.5 wt % TiO, LSCAS.

time behavior will be given later on in this paper.

B. Evidence of Ti** ions in LSCAS glass by ESR analysis

We performed electron-spin resonance in order to get con-
firmation of the presence of Ti** ions in the samples. Figure
11 shows the ESR spectra for the undoped, 1.5, and
2.0 wt % TiO, concentration samples measured at room
temperature and at 8 K for the 2.0 wt % sample. The reso-
nance line with g=1.96 is related to the Ti’* ions in octahe-
dral sites.*~%" The data for the low-temperature region (at 8
K) show an increase in the resonance line amplitude with no
evidence of additional Ti** sites. The asymmetric curves for
all data are due to coordination distortion of the octahedral
Ti** sites as previously reported.***” Figure 12 shows the
integrated area of the ESR absorption spectra as a function of
the TiO, doping concentration, demonstrating that the
Ti**/Ti** ratio becomes higher when the doping concentra-
tion is increased. Previous results have shown that glasses
with higher acid compositions favor the reduction in Ti** to
Ti**.*8 Thus the change in the glass basicity with the increas-

— system (cavity + quartz tube), - — = Pure Sample

ESR absorption derivative (arb.units)

4.0 4.5

N
o
™
o
w
o

Magnetic field (kG)

FIG. 11. ESR spectra of the system (without sample)—undoped
LSCAS. ESR of doped LSCAS at room-temperature with 1.5 and
2.0 wt % of TiO, and at 8 K for the 2.0 wt % doped.
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ing concentration of TiO, may help our analysis.

C. Basicity analysis as a tool to estimate Ti3*/ Ti** ratio

The concept of optical basicity related with the ability of
oxygen to donate negative charge was proposed by Duffy et
al.?? This “electron donor power” is dependent on the kind of
bonding between O?~ and the surrounding cations. The more
intense the covalent bonding is, the less able is the oxygen to
donate charge to an ion in the glass—meaning a lower opti-
cal basicity. The glass optical basicity can be written as??

A(glass):X1A1+X2A2+ ey (1)

in which X;,X, are the equivalent fraction of the oxides with
each one of them having an optical basicity of A, A,. The
values of A, A, used in this work were obtained from Ref.
22.

Table I shows the basicity calculated for each concentra-
tion of TiO,. It can be observed that by increasing the TiO,
concentration, the glass basicity decreases, favoring the in-

TABLE 1. Basicity parameters as a function of TiO, and MgO
concentration.

Oxides

MgO TiO,

(wt %) (wt %) Basicity AB (1X1073)
4.1 0 0.8329 0
3.85 0.25 0.8325 0.003
3.6 0.5 0.8321 0.300
3.1 1.0 0.8314 1.088
2.6 1.5 0.8311 1.818
2.1 2.0 0.8299 2.555
1.6 2.5 0.8292 3.298
1.1 3.0 0.8285 4.047
0.6 3.5 0.8277 4.803
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FIG. 13. (Color online) Image plot of both excitation and emis-
sion spectra of the 2.0 wt % TiO, LSCAS after annealing per-
formed in air atmosphere and at 850 °C for 24 h. In (a) the excita-
tion band of 300 nm and the blue emission centered at 460 nm are
shown. In (b) the emission band under excitation at 320 nm is
shown.

crease in [Ti**] concentration in relation to [Ti**]. In terms
of reaction, the concentration of Ti** is proportional to TiO,
doping content; thus,

[Ti**] = C[TiO,], (2)
C x AB, (3)

and
AB=B,-B. (4)

Here, B, and B are the optical basicity of the undoped and
doped samples, respectively. The values of AB for each
sample are shown in Table I. Figure 12 shows these data and
the integrated area of ESR spectra for each TiO, concentra-
tion. It can be seen that AB increases linearly with the re-
placement of [MgO] by [TiO,]. These results are consistent
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FIG. 14. ESR results at room temperature of the 2.0 wt % of
TiO, LSCAS before and after annealing.

with the behavior of the integrated areas of the ESR spectra
with the TiO, amount used in the formulation, showing a
nonlinear increase in Ti** ions in the glass as a function of
the doping concentration.

D. Converting Ti** into Ti** by annealing procedure

In order to confirm the attribution of the A.,=480 nm
blue emission band with its respective A,,=270 nm UV ex-
citation to Ti*" charge energy transfer and the 650 nm red
emission with its respective 340 nm excitation to Ti** ions,
we performed an annealing in air atmosphere, at 850 °C, for
24 hin the 2.0 wt % TiO, LSCAS glass. The brownish color
due to Ti** was significantly reduced by the heat treatment.
The new emission and excitation spectra for the annealed
sample are shown in Fig. 13. It can be observed that the
emission and excitation spectra related to Ti** disappeared.
The center position of the Ti** emission and excitation spec-
tra is the same as that in Figs. 6 and 7. These excitation
spectra were fitted by two single Gaussians as performed in
Figs. 6 and 7. Figure 13 also shows a continuous change of
the emission spectra from 460 (for A,,=240 nm) to 520 nm
(for A(x=310 nm) as a result of the superposition of the F*
color center with Ti** via charge energy transfer. The ESR
spectra determined before and after the annealing procedure
on this sample are presented in Fig. 14, showing the absence
of the resonance line related to Ti** ions in the thermally
treated sample. This result confirms the assignments of the
luminescence and excitation bands of Ti3* ions and Ti*
clusters.

E. The relationship among Ti**, Ti**, and Ti**-Ti** pairs

The existence of pairs involving Ti** and Ti** was veri-
fied by fitting the optical-absorption coefficient data shown
in Fig. 1, which was performed by using the best fit param-
eters of the excitation bands and fixing the width and peak
positions in the curves in Figs. 2 and 5-7. This procedure
permits one to estimate the relative intensities of these bands,
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TABLE II. Emission and excitation bands observed for undoped
and TiO,-doped LSCAS samples.

Excitation Emission
center center Emission

Sample (nm) (nm) assignments
Undoped LSCAS 240 431 F kind color center

325 527 F* color center
TiO,-doped LSCAS 240 431 F kind color center

271 486 (TiOE)¥

338 640 Ti?+

Not

540 observed Ti**-Ti3* pairs

which was impossible using the excitation experiment data.
An additional band related to Ti**-Ti** pairs was also taken
into account. Since it was not possible to perform deconvo-
lution of this band by excitation and the contour plot proce-
dure, we let its parameters free in the fitting procedure. Table
IT shows the obtained bands and the corresponding emission
centers. Figure 15 shows an example to obtain the best fit for
the absorption spectrum of the 3.5 wt % TiO,-doped
LSCAS. The areas of the Gaussians relative to Ti**, Ti**,
and Ti**-Ti** pairs were obtained. This procedure was per-
formed for all absorption curves of Fig. 1. Then, the results
of the absorption areas versus the wavelength of the band
centers were calculated as shown in Fig. 16. The areas of
Ti** and Ti**-Ti** absorption bands as a function of [TiO,]
concentration presented a nonlinear behavior, while the Ti**
band seems to increase almost linearly with the [TiO,] con-
centration. This agrees with that is predicted by Egs. (2) and
(3) and Fig. 12.

In order to analyze the [Ti**] pairs that should be propor-
tional to [Ti**][Ti**], we adopted a similar procedure such as
that applied by Baus4 et al.>* to study titanium-doped phos-
phate glasses. The [Ti**] fraction in the sample is estimated
taking into account the [Ti**] described by Eq. (2), resulting
in

Wavenumber (x10°cm™)

3228 24 20 16 12

5 T T T T T T T T T T T
LSCAS +3.5% TiO,

4

£ 1

8 i A+ +

= Ti F" center

o

O

B T

o

S 2

IS Ti*/Ti*™ pairs

a ‘

g 19

Ke)

<
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FIG. 15. Deconvolution of the optical-absorption spectrum of
the 3.5 wt % TiO, LSCAS using those parameters obtained in the
fitting of the excitation spectra.
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FIG. 16. Areas from the Gaussian fittings associated to Ti**,
Ti3*, and Ti**-Ti*" pairs as a function of TiO, concentration.

[Ti*]= (1-O)[TiO,]. (5)
Therefore the [Ti**][Ti**] can be written as
[Ti**][Ti*] = C(1-C)[TiO,]*. (6)

Thus, the contribution of Ti**-Ti** pairs to the absorption
spectra is nonlinear due to both the quadratic dependence
with [TiO,] and the dependence with C as described in Eq.
(3).

F. Proposed model to explain the long lifetime of Ti** ions

In our previous paper (Ref. 1), we proposed a model to
explain the long lifetime observed for the Ti**-doped sample
orange emission. The hypothesis was that the UV laser at 3.5
eV excites one electron of the Ti** ion ground state (2T2) to
an excited band (*E) from which it is trapped by a vacancy

PHYSICAL REVIEW B 78, 224202 (2008)

2E
shallow trap

~

2

FIG. 17. Diagram of the energy bands taking into account the
interaction between electron trap and Ti** ion in the LSCAS glass.

close to the conduction band (CB). Two possible mecha-
nisms were proposed to describe the detrapping process via
excitation of the Ti** (E) metastable band. The first was that
the thermal energy at room temperature would promote the
electron to the conduction band from where it relaxes back to
a (Ti**)* forming Ti** excited [Ti**]*, which relaxes emit-
ting one photon at 650 nm (1.9 eV). The second proposed
route was the electron tunneling directly to the ’E band from
where the emission would occur. In order to try to better
understand the detrapping process, in this work we per-
formed an additional experiment using the photoconductivity
technique.®' No evidence of photoconductivity was observed
in the sample when the excitation was performed at 355 nm.
This fact suggests that instead of passing by the conduction
band, the electron probably passes directly from the *E ex-
cited level to a shallow trap as illustrated in Fig. 17. After
that it can be promoted back to (Ti**)* forming Ti** excited
([Ti**]%), which relaxes from the *E to the °T, level. Once
this vacancy defect is located near the Ti** ion, a second
possibility could be that the electron tunnels directly to the
(Ti**)* E band from where the emission would occur. The
following channels summarize these suggested processes:

first Ti**hv(350 nm) — (Ti**)* + {electron in a hole center},

{electron in a hole center} + kT + (Ti**)* — [Ti**]*

second or

{electron in a hole center} + tunneling + (Ti**)* — [Ti**]",

third [Ti**]* — Ti**hv(~650 nm).

Thus it is clear that for higher temperatures the detrapped
process is easily obtained due to k7, explaining the observed
significant reduction in the lifetime (~90 us) as can be
observed in Fig. 10. At lower temperatures, the electrons
remain trapped for a long period of time, which increases
the luminescence decay time of the ’E band. Therefore,
the long lifetime of the luminescence may be due to the

long period of trapping and not necessarily to the Ti**
lifetime. This proposed mechanism is supported by the
strong dependence of the lifetime with the temperature. This
observation is consistent with the fact that the *E band for
Ti**-doped materials has an expected lifetime on the order
of microseconds, similar to the lifetime for the high-
temperature region where the trap effect is minimized. The
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schematic of the energy bands of this process is summarized
in Fig. 17.

IV. CONCLUSIONS

In conclusion, in this work we performed a comprehen-
sive investigation of the spectroscopic properties of OH™ free
Ti-doped LSCAS glass. Color centers were formed in the
glass during the UV excitation presenting emissions at 431
and 527 nm for excitations at 240 and 320 nm, respectively.
The spectroscopic results showed that the increase in the
TiO, amount in the sample favored the formation of Ti**
ions. After annealing of the doped samples at 850 °C for 24
h, the 640 nm emission band and the ESR signal from Ti**
ions disappeared, confirming the assignment of the emission
bands to the charge-transfer processes between Ti** and Ti**.
The results suggest that the oxygen ions are responsible for
the reduction in Ti** and the consequent increase in the Ti**

PHYSICAL REVIEW B 78, 224202 (2008)

amount in the glass, indicating that these ions enter into the
lattice changing the valence of the Ti and breaking bonds
inside the glass. An additional and important finding refers to
the long lifetime of Ti** ions in this glass (~2.0 ms at 77 K
and 170 us at room temperature), which was associated to a
possible interaction between defects and Ti** ions. This
mechanism is supported by the observed color center forma-
tion in the glass. The absence of photoconductivity and the
presence of blue emission under 355 nm excitation is an
indication that this glass presents insignificant excited-state
absorption. Further studies are warranted to evaluate the pos-
sibility of using this material for laser application.
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