
Abstract. The absorption spectra of titanosilicate glasses
with the titanium concentration �0:1% ^ 3% by weight
were investigated in the wavelength range 225 ^ 460 nm.
These glasses were synthesised in a steady laser plume in
an atmosphere of air or nitrogen at normal pressure. Syn-
thesis in these two atmospheres gave rise to Ti ions of differ-
ent valence in the glasses. For the same Ti concentration the
intensity of the characteristic absorption bands of titanium in
its reduced states (Ti2�, Ti3�) with maxima at ll � 278 and
306 nm were 3 ^ 6 times higher when the synthesis took place
in nitrogen. The enhancement of the 278 nm band was
approximately half that of the band at 306 nm. Clear-cut
strong absorption in the UV range at 260 ^ 280 nm as well
as strong absorption in the visible range at 400 ^ 500 nm,
observed for the first time for titanium-doped silica glass,
were the results of a record-high concentration of Ti3� ions,
compared with the concentrations found in bulk glass
samples prepared by other technologies such as melting,
reduction of Ti4� ions, and plasma hydrolysis.

The nature and efficiency of formation of oxygen-deficient
centres (ODCs) in pure silica glasses, including those doped
with transition-metal ions, have been the subject of many
investigations [1 ^ 3]. The presence of ODCs can be detected
spectroscopically because these centres have wide absorption
and luminescence bands in the UV, visible, and near-IR parts
of the spectrum. Applications of these materials are based on
their photorefractive properties or luminescence utilised in
quantum-electronic devices [4, 5].

The ODCs form either during synthesis of glass under
reducing conditions [2], or as a result of irradiation with elec-
trons, ions, and g rays, and by exposure to a reducing gaseous
atmosphere. Both mechanisms of formation of ODCs (by
external `shock' action and by reduction of SiO2 resulting
from a chemical reaction with an unoxidised metal) are active
when silica glass plates are bombarded with beams consisting
of transition-metal ions [1, 6, 7].

There is as yet no method for reliable identification of
the valence state of Ti ions in silica glass on the basis of their

UV absorption spectra. A characteristic distinction of the
absorption spectrum of silica glass doped with Ti3� ions,
which distinguishes it from pure silica glass, is a shift of
the UV absorption edge towards longer wavelengths
(�300 nm) [2, 8]. Annealing of such a glass in a nitrogen
or hydrogen atmosphere gives rise to wide absorption bands
with maxima at l � 450 and �780 nm, which are attributed
to Ti3� ions [8, 9].

Judging by the published data, the absorption spectra
recorded in the range 180 ^ 900 nm are similar for Ti-doped
silica glass and Al2O3 crystals [6, 8 ^12], so that the results
of optical investigations of Ti3� : Al2O3 laser crystals can
be applied to silica glass. The absorption in the spectral
ranges 190 ^ 220 nm [13], 230 nm [12], and 240 ^ 300 nm
[14] is attributed to Ti4� ions; that in the regions �250
and 450 ^ 550 nm [13], 220 and 400 ^ 500 nm [14], and also
at 270 nm [12] is associated with Ti3� ions; and the absorp-
tion at 246 and 315 nm [14] is due to Ti2� ions.

Si-ODCs were found in bulk silica glass samples grown in
a steady laser plume in a nitrogen atmosphere at normal pres-
sure [3]. The same synthesis method was used to produce
titanosilicate glasses, including those with a variable Ti3�

concentration [15]. Titanium was selected because of its
high reactivity in reduction of SiO2. We investigated tita-
nium-doped silica glasses, in which formation of ODCs
occurs during synthesis in a steady laser plume.

The glasses were synthesised making use of an electric-
discharge cw CO2 laser with an output power of �100 W.
The target was a silica glass tube inside which there was
a titanium foil strip, �2 mm wide and �0:1 mm thick,
extending over the whole length of the tube generatrix. The
tube was filled with fine SiO2 powder of the `especially
pure' grade. Glasses were synthesised in air or in a nitrogen
atmosphere at normal pressure. The chemical composition of
the glasses was investigated with a Camebax SX50 x-ray
microanalyser (in steps of �10 mm). Optical measurements
were made on longitudinal sections of �0:45 mm�
3 mm� 10 mm dimensions prepared from the axial parts
of the samples and used in our optical measurements.

The absorption spectra were recorded when radiation
from a deuterium lamp was focused on the entry slit of a
monochromator, where a sample was located.The spatial dis-
tribution of the absorption was measured by moving the
investigated sample along the monochromator entry slit
perpendicular to the optic axis of the system. An aperture
stop kept constant the diameter (0.2 ^ 0.3 mm) of the beam
passing through the sample. Measurements were made by
the lock-in detection method employing a phase-sensitive
voltmeter. The optical system for measurements in the spec-
tral range 225 ^ 460 nm made it possible to determine the
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distribution of the spectral parameters, for example, along
the axis of a section in steps of 0.05 mm. Longitudinal
axes of the sections coincided with the direction of growth
of the samples and, therefore, such distributions represented
time dependences of the properties of the investigated mate-
rial obtained under varying conditions during synthesis.

An analysis of the distribution of the absorption band
maximum of pure silica glass along the long dimension of
a sample of Si :ODC (248 nm) revealed that it was approx-
imately constant along the whole length of the section
(a248 � 0:78 cmÿ1). Hence, the protection of a growing sam-
ple from oxygen in the growth atmosphere was reliable.

Sections of the synthesised titanosilicate samples had
clearly distinguishable stripes. Alternate dark and bright
stripes forming parts of a circle had convex sides directed
opposite to the substance being deposited and they
reproduced the moving melt-solidification region. In a quan-
titative expression the appearance of strong and weakly
coloured stripes occurred at titanium concentrations
�3:8% and �2:2%, respectively, for samples synthesised in
a nitrogen atmosphere, and at concentrations �3:0% and
�1:6% growth took place in air. Such a structure of the mate-
rial of our samples resembled (including distribution of
stripes also perpendicular to the growth direction) the striped
nature of Ti3� : Al2O3 crystals associated with fluctuations
of the Ti concentration [16].

Samples used in the present investigation were synthes-
ised employing a silica target of transverse cross section
larger than required for steady-state evaporation [15, 17].
Moreover, the position of the foil in the target tube around
the evaporation spot was also uneven. For these reasons, tita-
nium reached the evaporation zone nonuniformly [15, 17] and
samples had regions with practically zero concentration of
the dopant (Fig. 1). The scatter of the maximum Ti con-
centrations was considerably less than the scatter of the
concentrations themselves. This occurred because target
evaporation occurred at the boiling temperature of silica
glass and it was this temperature that determined the degree
of doping when the initial mass fraction of Ti in the target was
kept constant [16]. Steady-state evaporation of a rod of silica
glass wrapped uniformly with a titanium foil along its perim-
eter did not produce such `dips' of the Ti concentration in the
grown sample [15].

However, inhomogeneous doping proved useful in identi-
fication of the influence of the concentration of titanium on

the absorption and luminescence of our material. A strong
variation of the intensity of the absorption bands from point
to point, associated with fluctuations of the Ti concentration,
was observed for all the samples. Typical spectra of several
regions of a sample grown in a nitrogen atmosphere are given
in Fig. 2. Exposure of such a sample to UV radiation with
l � 257 nm and of power density in excess of 500 W cmÿ2

(the second harmonic of a cw Ar� laser) reduced the absorp-
tion in the region of�200 nm and also altered the intensity of
the luminescence emitted during such exposure. Clearly, this
exposure induced photochemical reactions involving tita-
nium ions and further studies would be needed to obtain
information on these reactions.

All the spectra, including those of the samples grown in
air, had a system of UV bands of approximately Gaussian
profile with maxima at E � 3:6 eV (half-width �0:46 eV),
4.05 eV (0.48 eV), 4.45 eV (0.42 eV), 4.8 eV (0.45 eV),
5.3 eV (0.45 eV), and 5.6 eV (0.44 eV), where E � 1240 nm
eV=l (Fig. 3). The positions of the band maxima and their
broadening were found with errors of �0:05 and �0:03 eV,
respectively. When the titanium concentration was less
than 0.4% (curve 1 in Fig. 2), the spectrum had a definite
absorption band in the visible part of the spectrum and
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Figure 1. Longitudinal distribution of the titanium concentration CTi by
weight in a section of a sample which was grown in air.
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Figure 2. Absorption spectra of glasses grown in a nitrogen atmosphere
with the titanium concentrations by weight less than 0.4% ( 2 ) 0.6% ^
0.8% ( 3 ), 1% ^1.2% ( 4 ), and �1:6% (5 ). The titanium concentration
was not determined for curve 1, but it was less than for curve 2.
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Figure 3. Example of an approximation of the absorption spectrum
represented by curve 4 in Fig. 2 by a system of Gaussian bands.
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its maximum was at 2.64 eV (half-width 0.46 eV). Usually,
however, there was only structure-free absorption in the visi-
ble part of the spectrum: this absorption amounted to �10 ^
30 cmÿ1 and it increased with increase in the Ti concentra-
tion. The constant component of such absorption was
ignored in calculations of the UV band intensities.

The structural configuration of the titanium complexes in
silica glasses was governed by the amount of titanium which
was introduced and by the glass fabrication technology. Tita-
nium was usually introduced into silica glass in the form of
the oxide TiO2 (this was done in the melting and laser hydrol-
ysis technologies). Initially, the Ti4� ions replaced
isomorphously the Si4� ions in the glass network and formed
TiO4 complexes. An increase in the titanium concentration
resulted in the formation of a structure of the TiO6 type,
including TiOx clusters, preferable from the energy point of
view. An increase in the coordination number of the titanium
ions lengthened the Ti ^O bonds and, consequently, favoured
deviations from stoichiometry in complexes containing few
Ti3� ions. The Ti3� ions in an octahedral environment were
responsible for the absorption bands with their maxima
located in the spectral range 400 ^ 500 nm [10].

An improvement in the doping homogeneity shifted
towards higher titanium concentrations the concentration
limit of coordination modification of titanium complexes
and formation of TiOx clusters. This was observed when
the melting technology was replaced with the gas-flame tech-
nology and then with the sol ^ gel technology, which shifted
the concentration limit to �5 ^10%, �16%, and �19%
[10, 18]. The high homogeneity of introduction of titanium
into silica glass during synthesis in a laser plume was con-
firmed by the observation that a strong colour of the
grown glasses began to appear not at thousandths of a per-
cent reported in Ref. [8], but at much higher (by several
orders of magnitude, as shown below) Ti3� concentrations.

When synthesis in air was replaced with synthesis in nitro-
gen the concentration limit of the appearance of strong
colouration shifted in the direction of higher titanium
concentrations (the shift was from�2:2% to�3:8%), indicat-
ing that the oxidising atmosphere influenced the rate of
formation of TiO6 complexes.When the overall titanium con-
centration was varied from 0.3% to 3% in the samples grown
in the laser plume, the absorption band at �470 nm was
observed clearly only in one case when the titanium concen-
tration was less than 0.4% (curve 1 in Fig. 2).This band could
be associated with local fluctuations of the flux density in the
plume when the steadiness of the synthesis was not con-
trolled. When ion implantation was employed, such an
absorption band was not observed for Ti3� concentrations
right up to �6:4% [6].

The absorption band in the region of�270 nm, represent-
ing Ti3� ions, was observed earlier only in a Ti3� : Al2O3
crystal [12]. It was attributed to the formationof localised exci-
tons. Excitation with light corresponding to this absorption
band generated the familiar red luminescence, which con-
firmed that the structural environment of the Ti3� ions was
the same as that responsible for the absorption in the visible
part of the spectrum (�450 ^ 550 nm). It is evident from
Figs 2 and 3 that strong absorption in the spectral range
270 ^ 280 nm (4.4 ^ 4.6 eV) with a maximum at l � 278 nm
(�4:45 eV) was also observed for the glass samples grown
in nitrogen. Such a clear-cut absorption band of this intensity
was observed for the first time for titanium-doped silica glass,
which indicated a high Ti3� concentration in the glass.

An estimate of the Ti3� concentration based on both these
absorption bands [�470 nm (�2:64 eV) and �270 nm
(�4:6 eV)] could be made making use of spectrum 1 in
Fig. 2. These bands, like those of Ti3� : Al2O3 crystals [12],
have approximately the same absorption (6.5 and 5.6 cmÿ1,
respectively). Knowing the absorption in the 300 ^ 500 and
200 nm bands, we found the Ti3� concentration and the
ratio of the Ti3� and Ti4� concentrations: C Ti3�

470 �
a470=e470 � 6:5 cmÿ1=(410 litre molÿ1 cmÿ1) � 1019 cmÿ3,
CTi3�

470 =C
Ti4� � a470e200=a200e470 � 26:8a470=a200 � 26:8� 6:5

cmÿ1=109 cmÿ1 � 1:6, where a470, a200, and e470 � 410 litre
molÿ1 cmÿ1, and e200 � 1:1� 104 litre molÿ1 cmÿ1 are,
respectively the absorption and extinction coefficients for
the 300 ^ 500 and 200 nm bands [2].

The Al2O3 and SiO2 hosts are characterised by similar
intensities of the electric fields created by the Al3� and
Si4� ions [19]. Therefore, because of the absence of data on
silica glass, we could estimate the relative Ti3� concentration
on the basis of the �270 nm absorption band making use of
the absorption cross sections of Al2O3 [12]. The ratio of the
Ti3� and Ti4� concentrations is given by the expression
CTi3�

270 =C
Ti4� � a270s220=a220s270 � 40a270=a220 � 3:4, where

s270 � 7:36� 10ÿ19 cm2, s220 � 28� 10ÿ18 cm2 are the
absorption cross sections of Ti3� and Ti4� in the spectral
ranges 270 and 220 nm.

It is evident that these estimates of the Ti3� concentration
do not represent the maximum possible values for the grown
samples because in the calculations we used nonmaximum
measured intensities of characteristic absorption bands and
also because of uncertainty in the values of e and s. For exam-
ple, the absorption cross sections given for the�490 nm band
of corundum [12, 20] differed approximately by a factor of 2.5
and were 3 ^ 7 times greater than the cross sections given for
silica glass in Ref. [8]. In view of the uncertainty of the extinc-
tion coefficients and of the absorption cross sections, the
discrepancy of the estimates based on the two absorption
bands amounting to a factor of almost 2 can be regarded
as satisfactory. Therefore, synthesis of titanosilicate glass
in a steady laser plume results in the formation of Ti3�

ions in concentrations exceeding that of the Ti4�

concentration.
The quantitative influence of the ambient atmosphere

and of the titanium concentration on the ionic composition
of the synthesised glass is demonstrated in Fig. 4, which gives
the dependences of the maxima of the absorption bands at
4.45 eV (278 nm) and 4.05 eV (306 nm), attributed to Ti3�

and Ti2�, respectively [14], on the titanium concentration.
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Figure 4. Dependences of the maxima of characteristic absorption bands
of glass (points) and their linear approximation (straight lines), plotted for
E � 4:05 eV (1, 3 ) and 4.45 eV ( 2, 4 ) on the titanium concentration CTi
for samples synthesised in air ( 1, 2 ) or in nitrogen ( 3, 4 ).
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The intensities of these absorption bands increased consider-
ably (by a factor of 3 ^ 6) when the oxidising nature of the
atmosphere (air) was changed to neutral (nitrogen). The
increase in the absorption intensity in the 278 nm band
was approximately half that in the 306 nm band.The increase
in the intensities of the characteristic absorption bands with
increase in the total titanium concentration was approxi-
mately linear, indicating a constant relative concentration
of the reduced ions when the total titanium concentration
was increased.

A close analogue of the method of doping silica glass
adopted in the present study is a surface change of silica
glass in the course of titanium ion implantation [7]. In
both cases the final composition of the glasses is the result
of the chemical interaction only between Ti and SiO2. The
two synthesis methods differ primarily by the source of
energy creating conditions favourable for this interaction.
In the course of implantation this energy is released when
the surface of a glass interacts with a flux of singly charged
metal ions accelerated in an electric field. It is assumed
that the chemical interaction then occurs in a small zone
of the glass host localised near an ion: this zone is rapidly
heated to �5 kK [21] and it then cools rapidly (is quenched).

However, in our case the interaction between titanium
and silica glass occurred at much lower temperatures (2 ^
3 kK on the target surface and in the plume, 2 kK on a
growth surface [16]) and the conditions were closer to thermal
equilibrium. This occurred because of the long durations of
the contact between the metal and the glass in the melts
on a target and in a growing sample, since the boundaries
of the melts moved at velocities of a few millimetres per
minute. The intensity of the absorption band with its maxi-
mum at �6:9 eV, attributed by analogy with Ti : Al2O3
crystals to the Ti3� ions [22], was used in Ref. [7] to draw
the conclusion that 100% of the Ti ions were in the trivalent
state. The absence of the �450 nm absorption bands (and of
the corresponding colouration) right up to concentrations of
�6:4% indicated a fourfold coordination of the Ti3� ions [10].

The ratio of the concentration of the silicon ODCs to the
concentration of the implanted metal ions, considered as a
function of the concentration of the latter, is 1.5 ^ 2 for the
Ti ions and remains practically constant (exceeding unity
slightly) for the Cr, Mn, and Fe ions [1]. Consequently, the
formation of silicon ODCs resulted not only from the `shock'
damage to the structure of silica glass, but also from the
chemical interaction between Ti and SiO2. The fall of the rel-
ative concentration of Si-ODCs from 2 to 1.5 with increase in
the titanium concentration was accompanied by the appear-
ance and enhancement of colouration, which could be
explained by a change in the coordination number of titanium
from 4 to 6 [6]. This should give rise to bonds of theTi ^O ^Ti
type responsible for the appearance of the �450 nm absorp-
tion band [10] and evidently also responsible for the
paramagnetic properties of the glass [23].

Measurements indeed showed that the intensity of
the glass colouration and, consequently, the intensity of the
�450 nm absorption band increased with increase in the Ti
ion concentration. However, the number of the paramagnetic
Ti centres fell as the number of diamagnetic centres increased
[6]. It is thus clear that one more real pretender to the role of
Ti-ODCs with the diamagnetic properties can be a structure
of the Ti ^ Si type (by analogy with the Si ^ Si centres in pure
silica glass [21]). A considerable concentration of titanium
silicides was found [24, 25] in samples which were implanted

with titanium and also those formed under conditions of
thermal-equilibrium interaction of Ti with SiO2, but the sili-
cides with the �Ti�=�SiO2� � 1:1� 0:3 [26] ratio predominated.

The weak colour of our samples grown in a nitrogen
atmosphere began to appear, as in the case of implantation,
at concentrations in excess of 2%. The colouration intensity
also increased with increase in the Ti concentration, but a
band typical of Si-ODCs (�248 nm) did not appear in the
absorption spectrum of glasses synthesised in a laser plume
and the spectrum of silica glass with implanted Ti ions did
not reveal unambiguously the absorption band in the region
of �270 nm. The process of implantation is known to be
dominated by the `shock' mechanism of the interaction
between the metal ions and quartz glass, leading to rupture
of bonds in SiO2 and formation of a large number of Si ^
Si centres. Nevertheless, the spectra of the glasses grown
by both methods should have an absorption band corre-
sponding to Ti ^ Si complexes. This is clearly one of the
bands in the region of �250 ^ 280 nm, but it does not appear
clearly in the overall spectrum of glass with implanted tita-
nium ions because of an overlap with a much stronger
absorption band of the Si ^ Si at �248 nm.

In conclusion, it should be pointed out that, when titano-
silicate glasses are synthesised in a laser plume and a metal
foil is employed as a target component, a considerable frac-
tion of titanium is in a reduced state (Ti-ODCs in the form of
Ti3� ions). The origin of the strong structure-free absorption
in the visible part of the spectrum is not very clear, so that we
cannot estimate sufficiently accurately the Ti3� concentra-
tion (obviously because of the high Ti2� concentration).
Additional investigations are needed of the conditions of
formation of strong structure-free absorption in the visible
and adjoining UV parts of the spectrum. Better understand-
ing of the degree of influence of titanium on the synthesis of
silicon ODCs will require determination of the absorption
spectrum of the glass at even shorter UV wavelengths, where
the absorption bands of the Si and Ti3� centres can be readily
distinguished (the maxima of these bands are located at
7.6 and 6.9 eV, respectively [1]) and, therefore, it should
be possible to determine the relationship between their con-
centrations.

The authors are grateful to E M Dianov for his support
and valuable discussions and to S V Lavrinshchev for deter-
mination of the chemical compositions of the glasses.
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