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Influence of oxidizing-reducing melting conditions
on the properties of photosensitive glasses**

The subject of investigations was the photosensitive iithium-aiuminium-siiicate giasses of various contents of basic components
and activators (Ag, Ce, Sn, Sb) meited under neutrai and slightiy reducing conditions. The course of precesses leading to obtaining
a permenent visible image was examined by measuring the absorption and photoluminescence spectra at various stages of photo-
thermal processing. These processes, proceeding in slightly different way in glasses melted under reducing and neutral conditions,
have been explained by taking account of the differences in the oxidation degree of optical sensitizer ions as well as the influence of
melting conditions on the microstructure of higher concentration regions of alkali ions in glass.

1. Introduction

Processes occurring in photosensitive glasses
resulting in creation of a visible photographic image
may be divided (analogically to those occurring in
photographic emulsion) into two stages:

1. Creation of a latent image by exposing the
glass to UV-radiation.

2. Development of a visible image by thermal
treatment of the irradiated glass at an appropriate
temperature.

The possibility of producing a photographic image
in glass is conditioned by the presence of some addi-
tional components, among which the most important
are the photosensitive metals (e.g. Au, Ag, Cu).
To accelerate and strengthen the effects of irradiation
and thermal treatment of photosensitive glasses
optical sensitizer (e.g. Ce, Sm, Pr) and thermore-
ductors (e.g. Sn, Sh, Cr) are usually introduced.

The conditions for photographic image creation
in photosensitive glass were examined earlier [1,2].
Among others the influence of the presence and con-
centration of both photosensitive metals and sensiti-
zers in the photosensitive glass, and the conditions
of its photothermal processing upon the visible image
intensity have been investigated.

The aim of this work is to examine the effect of
oxidizing-reducing conditions during melting of glass
previously irradiated on the processes leading to
production of a visible image.
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2. Methodics of examination

The subject of investigation was the lithium-
aluminium-silicate glass doped by adding small
amounts of silver, cerium and tin or antimony. Two
groups of glasses differing in the composition of basic
oxides have been investigated while the glasses within
each group differed in the content of activators.
The chemical compositions (expressed in mole percents)
of the glasses examined are show*n in table.

No. Composition in mole percent

of
glass Si02 AhOs LizO K20 Ag,0 CeOz Sn02 SbhiO,
! 7165 3.80 23.00 1.45

2 7165 3.80 23.00 1.45 0.0095 0.0096 0.0036 -

3 7165 3.80 23.00 145 0.0476 0.0096 0.0036 -

4 7165 3.80 23.00 1.45 0.0476 - 0.0036 -

5 7165 3.80 23.00 145 0.0476 0.0096 - -

6 71.65 3.80 23.00 145 - 0.0096 0.0036 -

7 7165 3.80 23.00 145 - 0.0096 - -

8 7165 3.80 23.00 145 0.0476 - - -

9 7165 3.80 23.00 1.45 - - 0.0036 -
10 73.00 3.90 20.70 2.40 0.0024 0.0098 - 0.0038
11 73.00 3.90 20.70 2.40 0.0097 0.0098 - 0.0038
12 73.00 3.90 20.70 2.40 0.0145 0.0098 - 0.0038
13 73.00 3.90 20.70 2.40 0.0097 - - -
14 73.00 3.90 20.70 2.40 - 0.0098 - -

is 73.00 3.90 20.70 2.40 0.0097 0.0098 - -
16  73.00 3.90 20.70 2.40 - 0.0098 - 0.0038
17 73.00 3.90 20.70 2.40 0.0097 - - 0.0038

lons of elements used to activate the glass may
occur in different oxidation degree. The degree of
ion oxidation in glass depends first of all upon the
oxidizing-reducing conditions of glass-melting. The
glasses of chemical composition given in table are
melted under neutral and slightly reducing conditions*.

* These glasses were produced at the Institute of Glass
and Ceramics in Warsaw, and at the Optical Works in Jelenia
Goéra, Poland.
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The samples of the examined glasses were irra-
diated by full light of an analytic quartz lamp of
L6/58 type from the distance of about 30 cms and
next annealed in an electric furnace at different
temperatures ranging from tens up to 550°C.

The processes occurring in the examined glasses
during the photothermal processing were investigated
by analyzing the results of both light absorption and
photoluminescence measurements.

The measurements of absorption were made
with the Specord UV VIS spectrophotometer of
C. Zeiss (Jena) make. Thin glass plates of 0.1 mm
thickness were used for measurement in the case of
glasses melted under neutral condition and of 0.5 mm
thickness for those melted under reducing conditions.

To carry out the photoluminescence spectrum
measurements a typical setup was used in which
the luminescence was excited with a high pressure
mercury HBO 50 lamp, the light of which being
monochromatized with the help of a SPM 2 mono-
chromator equipped with a quartz prism or a UG-glass
filter of maximum transmission at 360 nm. The lumi-
nescence radiation was directed to the YM 2 mono-
chromator with a glass prism. M 10 FQS 29 photo-
multiplier was places behind the slit, and its signal
was recorded automatically on the tape of the G1 Bl
plotter. The read-outs from the plotter were corrected
by taking account of the spectral sensitivity of the
system composed of YM 2 monochromator and a
photomultiplier. The spectral sensitivity of the mea-
suring system limited the measurement range for
luminescence to the 400-620 nm wavelength range.

3. Effect of radiation on glass

The photographic image in glass is of spatial
type, its depth being conditioned by the UV-irra-
diation ability to penetrate into the glass. When
examining the photosensitive glasses it is essential to
determine the limit of fundamental absorption, as the
latter characterizes the penetration degree of UV-
-radiation into the glass.

Short-wave absorption limit for alkali-silicate
glasses is connected with the presence of nonbridging
oxygen ions in glass and shifts toward the long-wave
region with the increasing of both alkali oxide concen-
tration and alkali ion radius [3]. In glasses melted
under oxidizing conditions the nonbridging oxygen
ion concentration is greater than that in glasses of
similar chemical composition but melted under redu-
cing conditions. In glasses melted under reducing
conditions a deficiency of oxygen which was removed

/n/2Me?ce of ox;'dz;ry-rei/MCO~ ...

from the sample during melting, the following bon-
dings can be realized

9 ' >
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which diminish the nonbridging oxygen concentration
in glass. Thus in alkali-silicate glasses melted under
reducing conditions chemical bonding strength is
much greater than in glasses of analogical chemical
composition but melted under oxidizing conditions.
Hence, in the glasses melted under reducing conditions
the energy needed to transfer the electron from a bon-
ding orbital in the complex containing nonbridging
oxygen ion to the anti-bonding orbital is also greater.
Thus, basic absorption edge shifts toward the short-
wave when the conditions of glass melting from oxidi-
zing to reducing ones.

In multi-components glasses (as it is the case
for the photosensitive glasses) the spectral position
of the basic absorption edge is conditioned by the
character of the chemical bonding occurring in glass
microregions enriched with alkalies. An introduction
of activators into glass changes its transmissivity
in UV-region. This is caused by change in bonding
strengths, thus in the energy of electron states in glass
regions were the activator ions occur as well as by
possible optical transmissions in complexes containing
those ions.

The transmission spectra of the examined glasses
are shown in figs. 1and 2. The shape of transmission
spectrum for glasses doped with cerium but not
containing the other activators is striking (fig. 1 —

Fig. 1. Transmission as a function of waveiength for giasses
meited under reducing conditions not subject to photothermal
processing:
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Fig. 2. Transmission as a function of wavelength for glasses
melted under neutral conditions not subject to photothermal
processing :

7. For glasses containing cerium, tin and 0.0476 mole percent of silver, 2. For

glasses containing cerium but not containing silver or tin, 3. For glasses con-

taining 0.0476 mole precent of silver but not containing cerium or tin. The
glass plate thickness amounted to 0.1 mm

curve 2, hg. 2 — curve 2). It is characterized by a
broad absorption band within the wavelength band
ranging from 230 to 270 nm and by another absorption
band at 313 nm. First band is connected with the
presence of Ce*+ ions in glass, while the other is
caused by electron transitions leading to a change in
configuration for Ce™t ions [4, 5]

The glasses containing cerium and melted under
the neutral conditions do not exhibit any absorption
at 313 nm (hg. 2). The absorption band at this wave-
length, associated with G2***ions occurs only in spectra
of glasses melted under reducing conditions.

Irradiation by ultraviolet leads to a decrease of
absorption within the 313 nm band which is manifested
by a minimum appearing at this wavelength in the
spectra of additional absorption (caused by irra-
diation).

The additional of absorption caused by UV-irra-
diation of glasses are shown in figs. 3 and 4. Fig. 3
shows the spectra of additional absorption, evoked
by irradiation of glasses melted under natural condi-

Fig. 3. The increase of absorption as a function of waveiength
caused by UV-irradiation for giasses meited under neutrai
conditions :

cerium or tin, 2. For glasses containing cerium but not containing silver or
tin, 3. For glasses containing cerium, tin and 0.0476 mole percent of silver.
The irradiation time — 0.3 h. Glass plate thickness — 0.1 mm

5 —Optica Applicata VIII/3
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Fig. 4. The increase of absorption as a function of waveiength
caused by UV-irradiation for giasses meited under reducing
conditions:

tion, while hg. 4 shows the additional absorption
spectra of glasses melted under reducing conditions.

From the comparison of the graphs presented
in hgs. 3and 4 it may be seen that the spectral position
of bands of additional absorption caused by UV-irra-
diation does not depend upon the percentage com-
position of basic oxides creating the glass (within
the range of compositions under test) being condi-
tioned by the content of activators in glass. The
oxidizing-reducing conditions during glass melting
do not decide either about the band position in
the additional absorption spectrum, but they only
influence the band intensity. The UV-irradiated glasses
of full content of activators exhibit, independently
of both the content of basic oxides melting conditions,
an additional absorption of very similar spectrum
distribution.

So far the opinions on the nature of the centres
responsible for absorption in the ultraviolet range
caused by irradiation have not been established.
Moreover, the interpretations given by different
authors are contradictory [6,7]. The absorption
band centred at 270 nm and creating the latent image
in glass was atributed by BEREzHNOY [2] to not
quite defined centra containing trapped electrons
and connected with the structure of the basic glass.
According to the author's experience the most probable
defect of glass structure which, after trapping an
electron, would cause the absorption of light within
this wavelength band is oxygen vacancy.

Intensity of absorption band at about 270 nm
caused by irradiation is conditioned by the presence
of definite activators in glass. Especially, great ab-
sorption increments for band at about 270 nm are
observed in glasses melted under reducing conditions
and containing cerium and antimony (fig. 4). In the
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Fig. 5. Luminescence intensity as a function of wavelength, for
glasses melted under neutral condition and containing cerium,
tin and 0.0476 mole percent of silver:

a) Unprocessed, b) Irradiated by UV-radiation, c) Irradiated by UV-radiation

and heated at 265°C d) Irradiated by UV-radiation and heated at 350°C

Irradiation time — 45 min. Heating time — 5 min. Luminescence has been

excited by monochromatic light: V. A = 365nm, 2. A = 334nm,3. A = 313
nm wavelength

glasses melted under reducing conditions the oxygen
vacancy concentration should be greater than in glasses
of analogical chemical composition but melted under
neutral conditions. The creation of additional oxygen
vacancies may be caused by antimony ions imbedded
in the structure of reduced glasses. The antimony
ions require great coordination number and their
bonds with the oxygen ions display to a high degree
a covalent character. Thus they bind nonbridging
oxygen ions preventing formation of bonds described
in reaction (1).

A comparison of additional absorption evoked
by irradiation of glasses of different activator content,
indicates that trivalence ions of cerium are the main
source of photoelectrons in glasses. The additional
absorption band centred at 270 nm, associated with
oxygen vacancies which have trapped the electron,
has considerable intensity only in the case of glasses
which in their transmission spectra before irradiation
contained an absorption band at 313 nm associated
with Ce”™+ ions.

The cerium ions in glass are characterized by
intensive luminescence excited by the light of 313
nm and 334 nm wavelengths (figs. 5a, 6a). In glasses
melted under neutral conditions the intensity of
luminescence excited by the light of 313 nm wavelength
is much smaller than in glasses melted under reducing
conditions. This is clear if noting that the possibility
of luminescence centre excitation is connected with
absorption characteristics of glass.

/M/iMencc o/
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Fig. 6. Luminescence intensity as a function of wavelength, for
glasses containing cerium, antimony and 0.0097 mole percent
of silver and melted under reducing conditions:

In glass melted under reducing conditions and
exposed to UV-irradiation the decrease in both the
luminescence intensity of cerium excited by light of
313 nm wavelength and the absorption band at 313 nm,
attributed to Ce+” ions, was observed. Thus, the tri-
valence cerium ions are subject to photoionization due
to irradiation. The photoelectrons liberated by this
interaction fill the electron traps in the glass structure,
among which there are the oxygen vacancies.

The absorption increment within the 270 nm
band caused by irradiation of glasses melted under
neutral conditions is vanishingly small (6g. 3). In this
glasses no decrement in cerium photoluminescence
intensity is observed during UV-irradiation of glass.

In glasses free of cerium no considerable absor-
ption increment is observed in the band around 270
nm, independently of melting conditions. In these
glasses, in which the photoelectron sources are not
Ce3+ ions the increment in absorption at 270 nm
is small, especially, in glasses melted under reducing
conditions.

3. The process
of photographic image
creation in giasses

The development of latent image is realized by
annealing the glass at appropriately high temperature.
When the temperature increases up to about 200°C,
and the electrons are liberated from the shallow elec-
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tron trapps the atomic silver centres are produced
in UV-irradiated glass, which are characterized by
intensive photoluminescence with the maximum at
about 600 nm (8gs. 5,6,7) and by absorption in
both the 320 nm band, and the visual range of spec-
trum at about 400 nm (hg. 8). In the silver containing
glasses, melted under the neutral conditions the
produced centres of atomic silver are characterized
by a luminescence with maximum at about 600 nm.

Creation of atomic silver in glass is not sufficient
condition for development of a permanent visual
colouring. Although the atomic silver centres absorb
the light in the visual range at about 400 nm, neverthe-
less the colouring disappears if the temperature increa-

Fig. 7. Luminescence intensity as a function of waveiength, for
glasses containing cerium, antimony and 0.0i45 moie percent
of silver meited under reducing conditions:

and heated at 133°C, 4. Irradiated by UV-radiation and heated at 250°C,

J. Irradiated by UV-radiation and heated at 300°C. The irradiation time — ! h.

Heating time — 20 min. Luminescence was excited by the !ight from HBO-50
mercury lamp with a UG fitter

Z30 Joo J30 400 450 APw27

Fig. 8. The increase of absorption as a function of waveiength

caused by photothermai processing for giasses containing

cerium, antimony and 0.0145 mole percent of silver and melted
under reducing conditions:

1. After UV-irradiation, 2. After irradiation and heating at t30°C, 3. After
irradiation and heating at 200°C, 4. After irradiation and heating at 300°C,
3. After irradiation and heating at 320°C, 6. After irradiation and heating at
350°C. The irradiation time — 30 min. Heating time — 10 min. Heating time
corresponding to the curve 6 — 20 min. Giass piate thickness — 0.5 mm

/fi/?Mence o/

ses above 250°C. The changes which begin to occur
in the glass melted under the reducing conditions
at temperature higher than 250°C depend in a fun-
damental way upon the presence of antimony. The
effect of antimony on the course of processes occurring
during thermal treatment at higher temperatures
originates from the changes caused by its presence
in glass before and after the irradiation. The ions of
antimony introduced to glass melted under reducing
conditions cause the appearence of additional oxygen
vacancies.

While annealing the irradiated glasses of full con-
tent of activators at the temperatures higher than
250°C the centres of atomic silver start to suffer
from changes, which lower the intensity of absorption
band at about 320 nm and 400 nm, and that of the
long-wave luminescence band. The luminescence,
spectra, however spread to comprise the new band
of 500-550 nm wavelength range (figs. 5d, 6d, 7). This
new luminescence band should be probably associated
with the complex atomic silver centres. Namely, it
is more intensive in the case of glasses of high concen-
tration of silver and appeares within this temperature
range when the absorption at 320 and 400 nm starts
to disappear together with the long-wave luminescence
with maximum close to 600 nm, all attributed to
centres of atomic silver. Elementary centres of ato-
mic silver are transformed into more complex centres,
and exhibit luminescence in the 500-550 nm wave-
length range. Thus, this luminescence band indicates
creation of atomic silver complex centres, which are
nuclei for particles of colloidal silver appearing at
slightly higher about 350°C temperatures.

The increase of colloidal silver particles is con-
ditioned by oxygen vacancies Oiled with electrons
present in the glass. The absorption band with maxi-
mum at 270 nm which appears as a result of irradia-
tion is attributed to oxygen vacancies. This absorption
band connected with oxygen vacancies, that trapped
electrons, do not exhibit any changes in intensity
under the influence of glass heating up to about
300°C (fig. 8). The absorption increase within this
wavelength range, shown in fig. 8, is caused by the
increase in absorption band intensity with maximum
at 320 nm associated to atomic silver centres.

Due to annealing of UV-irradiated glass of full
content of activators at the temperature of about 350°C
the intensity of absorption at the 270 nm band dimi-
nishes, and a broad absorption band, appears in the
visible range of the band close to 400 nm, being com-
monly attributed to particles of colloidal silver in
glass. This absorption band is employed to produce
a developed photographic image [1].

The permanent colouration caused by formation
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of colloidal silver particles appears after the irradiated
glass is annealed in such temperature range, in which
the mobility of oxygen vacancies increases. The
oxygen vacancies containing the trapped electrons
start to migrate within the glass inside carrying the
electrons. These electrons can be captured by both the
silver atoms and the more complex centres of atomic
silver. This ability is indicated by the electron confi-
guration of silver atom 4<f° 5 with uncompleted
filled subshell 5y. It is mostly probable that the bon-
dings Ag. of particle type with common electrons F
will also be created. It cannot be excluded that hybri-
dization of atomic silver orbitals contributes also
to this process. If the possibility of creation of Agh
boundings between the silver atoms in hybridized
state is admitted then for sp type hybridization each
atom of silver would have at its disposal two orbitals
of yp type containing one electron, while in the case
of & hybridization, in which the orbitals of atomic
silver 4<"2 and 8y could participate each atom would
have two orbitals containing three electrons. The
Ag: particle created by the atoms at the sp hybridiza-
tion state would contain bonding oribital o filled
with electrons, and unoccupied orbitals capable to
create new bonds.

The oxygen vacancies migrating accross the glass
play a double role:

1. They provide electrons to populate the free
orbitals of atomic silver centres. The negatively
charged atoms or silver particles are centres of attrac-
tion for the silver ions, thus contributing to the increa-
se of particles.

2. They enlarge the free space, uncocupied by
other atoms which is necessary to enable an increase
the silver particles as they are located in the imme-
diate neighbourhood of the molcular silver centre.

In the glasses melted under neutral conditions,
the number of oxygen vacancies is smaller and they
do not play any essential role in the precipitation
of colloidal silver in glass. In those glasses the visible
colouration appears first at 350°C temperature but
rate of absorption increase during prolonged time of
annealing of the irradiated glass at this temperature
is small. Considerable increases of absorption in
the band around 400 nm, especially in glasses of
great silver concentrations (denoted in table by
numbers 3-5), are observed not either than at tem-
peratures ranging from 400 to 450°C.

4. Conclusions

The photographic process in a photosensitive
glass is initiated by photoelectrons liberated due
to light absorption. If the glass does not include

/9/?2vesce o/ oxmid'n/ny-re™uc/sh ...

any optical sensitizers then the radiation quartz
must have energy from the basic absorption range
to evoke the ionization in glass. The radiation of
such energy is intensively absorbed by the glass and
for this reason does not penetrate far inside of glass.
The optical sensitizers should have a capability of
light absorption within a wavelength band which is
included in the transmission band of glass. The
absorption band due to the presence of sensitizer
in glass should be placed within the near ultraviolet
range. This requirement is satisfied by trivalence
cerium ions, which in the photosensitive glasses under
test absorb the light of relatively narrow wavelength
range at about 313 nm.

The examined photosensitive glasses melted under
reducing conditions have high light transmission
in the ultraviolet range and intensive absorption band
with the maximum at 313 nm. The radiation quanta
absorbed by the ions of optical sensitizer should
cause ionization instead of excitation. The rate of
changes of cerium luminescence intensity in glass
during irradiation by ultraviolet is the measure of
photoionization efficiency.

The UV-irradiation of glasses melted under
neutral conditions does not cause any diminishing
of short-wave luminescence intensity associated with
the cerium ions. In the glasses melted under neutral
conditions the cerium does not play the role of an
optical sensitizer. The source of photoelectrons in
those glasses are mainly nonbridging oxygen ions,
which contain the most weakly bonded electrons.
Nonbridging oxygen ions occur mainly in the micro-
regions of glass enriched in alkalies, where the ions
of activators are also located. The glasses melted
under neutral conditions exhibit the photosensitive
properties at approximately high concentration of
silver, depending upon percentage content of alkali
oxides in the glass.

BnuaHve okucNMTeNbHO-BOCCTAHOBUTE/ILHOIO
pexnma nsiaBkKn Ha cBoiicTBa
CBETOYYBCTBUTE/IBHOI0 CTEKNaA

O61beKTOM UCCNefoBaHUA  6blNN  CBETOYYBCTBUTE/IbHbIE
NNTNeaBOA/IIOMOCUINKATHbIE CTeKna C pasHbIM COfepXaHuem
OCHOBHbIX KOMMOHEHTOB M akTuBaTopoB (Ag, Ce, Sn, Sh),
BbIMN/1aB/MeHHble B HENTPasibHOM W Nerko BOCCTAHOBUTENbHOM
pexxmmax. O Xxofe NpOLEeCccOB, MPUBOAALLMX K MONYYEHUIO
YCTOAUYMBOrO BMAMMOIO M306paXKeHNs, MOXHO OblNo CyauTb
Ha OCHOBE CMEeKTPOB MOr/oWeHns U (OTONHOMUHECLEHLNN,
M3MepsieMbIX Ha pasHbIX cTaguax (oToTepmMuyeckoid obpa-
60TKM. 3TK Mpoueccbl MPOXOAAT HEMHOXKO WHaye B CTeKNax,
BbIN/IaB/SEMbIX B BOCCTAHOBWUTE/IbHOM W HeNTpanbHOM pe-
Xumax. OHU 06BbACHEHbI MyTeM aHanuM3a pasHuL, B CTerneHu
OKUCMEHNSA MOHOB OMTMYECKOro CeHcnbunusaTopa U BAUAHUA
peXXvMa MnnaBKM Ha MUKPOCTPYKTYPY WOHOTeHHbIX o6nacTeld
B CTeK/e.
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