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New glasses which exhibit a broadband Raman spectral
response have been prepared and characterised for their
Raman cross section and gain performance. Results on
three different glass compositions in the system
[(100-x)NaPO3–xNa2B4O7]:TiO2/Nb2O5=1 are sum-
marised. The impact on the Raman properties of chang-
ing the phosphorus to boron ratio while maintaining the
TiO2/Nb2O5 molar ratio equal to one, was examined. Po-
larised spontaneous Raman measurements are presented,
and a comparison between the experimentally obtained
Raman gain coefficient and that predicted from sponta-
neous Raman cross section measurements is made. Re-
sults obtained show that these glasses exhibit similar or
slightly higher Raman gain coefficients than that of SiO2,
with a spectral bandwidth almost five times greater
(~1300 cm-1).

The demands for high speed data communication and
the expected overload of data traffic requires the exist-
ing telecom window, currently operating in the C and L
bands, to expand over a wider range of wavelengths.
Such expansion to broader bandwidth would provide
access to an additional number of channels allowing
increased transmission of optical data along the optical
fibre. This in turn requires an enhanced fibre transmis-
sion window, which until recently has been limited by
the water absorption peak at around 1·4 µm. However,
new improvements in the fibre optic industry have led
to the advent of  the AllWave fibre, the first full spec-
trum fibre designed for optical transmission over the
entire telecom window of 1260–1625 nm.(1)

Despite these advances, as information is transmit-
ted along the optical fibre, the data signal still becomes

depleted due to intrinsic losses in the fibre. Hence, an
amplification medium is necessary to provide amplifi-
cation of the signal in the network. Ideally, such a
medium would amplify across the full spectral band-
width of the signal, with minimal loss. Today, erbium
doped fibre amplifiers (EDFA) are considered the pri-
mary means of  amplification in existing optical net-
works; however, EDFAs are limited to amplification
in the C and L telecom bands.(2) This leaves Raman
amplifiers as the main medium available for amplifi-
cation throughout the entire telecom window, given that
the amplification bandwidth and position of the gain
spectrum of  a Raman amplifier is determined by the
pump laser.(3)

Consequently, this enhancement to the telecom win-
dow has motivated the search for new materials as Ra-
man amplification media. These materials should
possess a broadband amplification window to allow
minimisation of cost and components in the optical
network. In other words, the broader the spectral re-
sponse of these new materials, the more channels that
can be amplified using a single amplifier and pump la-
ser. Such a configuration would make the optical net-
work more cost efficient and the Raman amplifier more
attractive to future implementation in a real optical net-
work. Of equal importance however, are crucial factors
such as the trade off  between the gain coefficient and
the optical losses which must be taken into considera-
tion to provide the best figure of merit available for a
candidate material and its desired application.

Taking into consideration the different attributes
defined above for new candidate gain media, we have
examined a series of  three different glass compositions
in the system [(100-x)NaPO3–xNa2B4O7]:TiO2/Nb2O5

=1 in order to address and characterise their Raman
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gain response. These glasses have been selected because
of their overall broadband spontaneous Raman spec-
tral response. As will be shown, the substitution of
boron for phosphorus and the ratio of  these two com-
ponents in the glass matrix allowed us to obtain a more
uniform/flat spectral gain response that spans over 1300
cm-1 (~40 THz).

Experimental procedures
Glass making
Glasses in the system [(100-x)NaPO3–xNa2B4O7]:TiO2/
Nb2O5=1, where x=5, 10 and 13 mol% (see Table 1)
were prepared from high purity NaPO3 (99·99%
Aldrich), Na2B4O7 (99·99% Aldrich), TiO2 (99·995%
Alfa Aesar), and Nb2O5 (99·998% Cerac). The glasses
were melted under an oxygen atmosphere, in platinum
crucibles at a temperature of 1150°C, for 5 min. After
melting, the glasses were quenched onto a preheated
carbon plate, and annealed at a temperature 40°C be-
low their glass transition temperature (Tg). Finally, the
glasses were cut and optically polished.

Measurements
The thermal properties of  the three different glass com-
positions were measured with a differential scanning
calorimeter (DSC) at a rate of  10°C/min. The maxi-
mum temperature measured was 675°C, and the glass
transition temperature was obtained from the inflec-
tion point of  the DSC thermal curve (i.e. maximum
of the derivative curve).

The density of  the three different glass samples was
measured by the Archimedes method in diethyl phtha-
late at room temperature (24°C). The accuracy of the
measurement is within 0·02 g/cm3.

The linear refractive index of  the glasses was meas-
ured using the Brewster’s angle method at a wavelength
of 632·8 nm. The recorded reflection signal from a lock-
in amplifier was fitted using Fresnel equations. The
experimental error was found to be ±0·02.

The linear absorption spectra of the different bulk
samples were obtained using a Cary 500 Scan UV-Vis-
NIR Spectrophotometer.

The polarised (VV and VH) spontaneous Raman
spectra of  the different bulk samples were measured
using a micro-Raman setup, with an excitation wave-
length of 514 nm, as described by Rivero et al.(4) The
incoming polarised laser beam was focused onto the
front polished surface of the sample via a 100× micro-
scope objective, with a spatial resolution of about 2
µm. A polariser and quarter wave plate (l/4) combi-
nation were used to select the polarisation direction
(vertical, V or horizontal, H) of the scattered light. A
backscattered geometry was used to collect the Raman
signal, which was spectrally analysed with a
spectrometer and a CCD detector, with a typical reso-
lution of about 6 cm-1. The Rayleigh line was reduced

with a holographic notch filter.
The Raman gain coefficient of  the three different

bulk samples, specified for the selected wavelengths (or
frequency shifts), was measured using the experimen-
tal setup described by Stegeman et al.(5) A 10 Hz rep-
etition rate Nd:YAG laser, with an excitation
wavelength of 1064 nm, producing 50 ps pulses, was
used as the pump wavelength for the gain measure-
ment. The signal (probe) beam was provided via an
OPG/OPA system, with a spectral output ranging from
780–2300 nm. Both, the pump and probe beams were
spatially and temporally overlapped in the 1–2 mm
thick bulk sample. After the sample, a monochromator
was used to filter the pump from the probe wavelength.
Following the monochromator, the 45° polarised sig-
nal beam (with respect to the pump beam) was split
by a polarising beam splitter and directed towards two
identical germanium detectors. The parallel compo-
nent (VV) of the signal (with respect to the pump) was
amplified given the exponential behaviour of the Ra-
man gain process, and was used to measure 10% gain
in amplitude, while the orthogonally polarised signal
(VH) was used as a calibration reference.(5)

Results
The glass transition temperatures (Tg), crystallisation
temperatures (Tx) (where applicable), densities (r), and
refractive indices (n) of  the three different composi-
tions of the [(100-x)NaPO3–xNa2B4O7]:TiO2/Nb2O5=1
family examined in this project are given in Table 1. In
this study, we deliberately changed the phosphorus to
boron ratio whilst keeping the TiO2/Nb2O5 molar ra-
tio equal to one.

Notice that, going from x=5–13% (i.e increasing the
boron to phosphorus ratio), there is an increase in the
glass transition temperature, and for x=10%, a crys-
tallisation event is observed in the temperature range
where the thermal analysis curves were measured (up
to 675°C). No crystallisation event was observed for
compositions x=5, 13% as measured over this tempera-
ture range.

Table 1 also shows that as the molar percent of  bo-
ron to phosphorus ratio increases (i.e increasing x),
there is an inflection of the densities and refractive in-
dices of  these glass samples. Substitution of boron to
phosphorus from x=5–10% causes a decrease of  the
volumetric weight of  the glass structure, and an in-
crease in the refractive index; however, as we increase
the boron molar percentage further to x=13%, there is
a further increase of  the density, and a small change in
the refractive index.

In addition to these changes in the physical proper-
ties, Figure 1 illustrates the linear absorption coefficient
of the three bulk samples. Firstly, one can see that these
glasses are transparent throughout the entire telecom
window, which makes them suitable for this type of ap-
plication. Secondly, one can observe a blue shift in the
absorption edge of  the spectra, as shown in the inset
graph, for increasing boron (x) content.

Figure 2(a) illustrates the spontaneous, polarised (VV
and VH) Raman spectra of the three glass composi-
tions. The VH Raman signal has been multiplied by a

Table 1.
[(100-x)NaPO3–xNa2B4O7]: Thermal analysis r (g/cm3) n±0·02
TiO2/Nb2O5=1 Tg (°C) Tx (°C) ±0·02 g/cm3 632·8 nm

x=5% 433 - 2·72 1·54
x=10% 459 590 2·68 1·56
x=13% 468 - 2·75 1·55
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factor of  three for comparative purposes. Since, in the
majority of  cases, the Raman spectrum of the glasses is
highly polarisable, all the main Raman features can be
obtained from the VV spectra. Due to this fact, our at-
tention is mainly focused on the VV spectra. It is worth
noticing that as the boron concentration increases (i.e x
increases), the spontaneous Raman signal becomes more
polarisation dependant, given by a decrease in the in-
tensity of  the VH Raman spectra.

The spectral Raman gain coefficient was estimated
using the equations described by Rivero et al (4) and
Lines.(6) A fused silica (Suprasil) sample from Heraeus
and a Schott SF6 glass were used as reference calibra-
tions using the absolute values of  Raman cross sec-
tion for SiO2 and SF6 reported by Pan et al.(7) The
spontaneous Raman cross section values were obtained
after correction for Fresnel losses and internal solid
angle, as described by Kato & Takuma(8) and
Galeener.(9) Figure 2(b) illustrates the spectral Raman

gain response of  the three different glass samples. Note
that the main contribution to the Raman gain curve is
given by the Raman peak at 900 cm-1. Also shown in
Figure 2(b) is the experimental Raman gain coefficient
obtained using the setup described by Stegeman et al.(5)

From the figure one can see that both the estimated
and experimentally obtained Raman gain curves show
similar spectral features. All the measurements were
performed relative to the values of  the spontaneous
Raman cross-section and gain coefficient of fused silica
at the 440 cm-1 Raman vibration, given by Pan et al(7)

and Stolen & Ippen,(10) respectively.

Discussion
From the results obtained in Table 1, we can clearly
observe that as we go from x=10–13% (corresponding
to a change in the boron to phosphorus ratio of
0·44:0·60), there is clear evidence of  structural reor-
ganisation taking place in the glass matrix. This reor-
ganisation gives rise to a transformation in the thermal
stability of  the glass (resulting in the emergence of a
measured Tx for the x=10% sample), and an inflection
point (minimum) in the density (±0·02 g/cm3) for the
same glass in the series. This reorganisation and corre-
sponding property evolution results from a transition
from a phosphate rich glass network to a borate rich
network. Here these statements do not refer to any form
or evidence of phase separation, but rather as an indi-
cation of which is the dominant network former in the
glass. Similar results associated with such a transition
have been observed in the glass system (100-x)NaPO3–
xNa2B4O7,

(11) where changes in structural configura-
tions with variation of  the B/P network were verified
via NMR.(12) The reorganisation in the glass structure
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Figure 1. Absorption spectra
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Figure 2(a). Polarised (VV and VH) spontaneous Raman spectra
of glasses in the system [(100-x)NaPO3–xNa2B4O7]:TiO2/Nb2O5=1
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has been attributed to the transformation of four co-
ordinated boron to three coordinated boron.(12) In the
present study, the three coordinated boron content
abruptly increases in the region where the glass net-
work goes from a phosphate rich to borate rich (i.e
x=10–13%) network, where the boron is less likely to
participate in the glass matrix as linkages to the P–O–
P bonds. The change in the role of the boron in the
network causes the inhomogeneous introduction of
titanium and niobium into the glass network, as when
present in low quantities, these heavy metal species
function as modifiers. Here, the introduction of  tita-
nium and niobium into the glass is more compatible
for the case of  a phosphate dominant network, where
the less constrained network can accommodate the
large ionic size of  other species. These structural
changes will be described in the interpretation of  the
Raman spectra below. Also note that the x=10% com-
position is less stable (important for fiberisation) since
the difference between its Tx and Tg is smaller, as com-
pared the other two compositions.

Another essential property for this type of applica-
tion is the absorption of these materials in the wave-
length range of interest. Figure 1 illustrates the linear
absorption curve of these three glass compositions. Note
that these glasses are transparent throughout the entire
telecom window. Also the inset figure shows that, as we
increase the boron to phosphorus ratio (i.e increasing
x), there is a blue shift in the absorption spectra. It is
important to also mention that these three particular
glass compositions in the family [(100-x)NaPO3–
xNa2B4O7]:TiO2/Nb2O5=1 were chosen due to the fact
that their respective parent glass network constituent
exhibited the lowest OH related absorption as described
by Ducal et al.(11) Such absorption would be detrimen-
tal to any amplifier applications.

Shown in Figure 2(a) is the polarised spontaneous
Raman spectra of  these three glass compositions. It
can be seen that a detailed analysis of  the spontane-
ous Raman spectra of  the three glass compositions
studied is very complex due to the multiple contribu-
tions of the multiple Raman active species in the glass
network. The designation of the main spectral features
in the spontaneous Raman spectra of borophosphate
glasses in the system (100-x)NaPO3–xNa2B4O7 have
been fully described elsewhere.(13) Additionally, the
Raman spectra of two similar glass families NaPO3–
Na2B4O7–TiO2 and NaPO3–Na2B4O7–Nb2O5 have been
investigated by Cardinal et al.(14,15) Using these data,
we can identify the main Raman bands given in Fig-
ure 2(a). Specifically, the main phosphate vibrations
observed at around 685, 1014, 1170, and 1250 cm-1,
have been attributed to the symmetric and asymmet-
ric P–O–P chain vibrations, and symmetric and asym-
metric stretching modes of PO2 entities, respectively.
Note that no strong boron Raman bands are notice-
able in the spectra since their respective Raman vibra-
tions are convolved within the strong Raman bands
for the other glass constituents. In addition to these
bands, one can clearly observe a strong Raman vibra-
tion at 900 cm-1, which is attributed to the vibration
of the nonbonding Nb–O short bond, found in iso-

lated NbO6 octahedral units. Convolved within this
band is also the Ti–O short bond Raman band at
around 930 cm-1. Other notable Raman signatures can
be seen for features at 640–650, 740, and 830 cm-1,
which correspond to the symmetric NbO6 and/or TiO6

octahedral vibrations, and distorted Ti–O–Ti, and Nb–
O–Nb chain vibrations, respectively. The low frequency
(<400 cm-1) vibrations are associated with the vibra-
tions of the heavy metal cations (i.e Ti+4 and Nb+5).(16)

Figure 2(b) shows the Raman spectral gain curve
calculation for the three bulk samples (black), deter-
mined from the absolute spontaneous, polarised Ra-
man intensity measurements illustrated in Figure 2(a).
Note however, that the estimation of the spontaneous
Raman cross section is more complex and hence less
accurate (±15%) in this glass system, as compared to
the calculations presented in our previous work on
tellurite glass systems.(4) We attribute this slight increase
in error to the complexity of  the glass system, where
there are multiple contributions from the different glass
constituents to a particular Raman band, all of  the
same order of  magnitude, providing a continuous Ra-
man bandwidth. This is in contract to earlier results(4)

on tellurites where only one glass constituent (TeO2)
dominated the gain response and cross section could
be predicted and measured. Consequently, the indi-
vidual deconvolution of the Raman spectral features of
each constituent is required to provide better agreement
between the calculated spectral Raman gain response,
from the spontaneous measurements, and the experi-
mentally obtained Raman gain coefficients, due in large
part to the incoherent nature of the spontaneous Ra-
man process as compared to stimulated Raman. Such
detailed deconvolution has not been performed here.

Nonetheless, from the estimated Raman gain curve
response one can clearly observe that the main spon-
taneous Raman spectral features are still present in the
Raman gain spectra, provided the appropriate Bose-
Einstein correction factor for the spontaneous spectra
is used.(17) It is also evident in Figure 2(b) that the great-
est contribution to the gain coefficient is given by the
Raman peak at 900 cm-1, which is attributed to the
isolated NbO6 octahedral vibration. This was expected
since previous work(14–16) has shown that d0 metal ions
such as Ti+4, Nb+5, and W+6 are highly polarisable. A
small enhancement of the gain coefficient at this par-
ticular vibration, was observed for the glass composi-
tion with x=5% (i.e largest phosphorus to boron ratio),
since, as previously discussed, a phosphate network is
more acceptable to the introduction of the d0 ions, giv-
ing rise to a slight increase in the number density of
titanium and niobium species that can be accommo-
dated within the glass network. One can also notice
however, that the overall Raman gain response for this
composition (x=5%) is less uniform over the spectral
range shown, as characterised by the gain coefficient
in the low (up to 1170 nm), peak (1180 nm), and high
(>1180 nm) regimes. As previously noted, as the bo-
ron concentration in the glass is increased, the glass
network structure depolymerises (due to the above
mentioned boron structural re-arrangement), giving
rise to a more uniform, flat Raman gain spectral re-
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sponse, which is more desirable for broadband ampli-
fication applications.

Finally, the experimentally obtained Raman gain
coefficients are also illustrated in Figure 2(b), and they
show good agreement with the spectral gain data cal-
culated from the spontaneous cross section measure-
ments; the same spectral features are seen (within the
experimental errors of  both techniques). A measur-
able discrepancy between the experimental and pre-
dicted gain spectrum is observed in the low wavelength
region, most notably for the x=13% sample. No ex-
planation for this observation can be presented at this
point; however, there should not be any signs of  reso-
nance enhancement at the wavelengths where these
measurements were performed, given that both calcu-
lations were performed far away from the absorption
edge of  the sample (Figure 1). Further analysis is be-
ing undertaken to account for this discrepancy between
the two results. Nonetheless, the Raman gain curves
shown in Figure 2(b) reveal that the gain response of
these glasses is of  the same order of  magnitude as fused
silica, with an improved spectral bandwidth of about
40 THz, an increase in bandwidth of more than five
times as compared to SiO2.

Conclusions
This paper presents Raman gain performance results
on glasses within the system [(100–x)NaPO3–
xNa2B4O7]:TiO2/Nb2O5=1, with x=5, 10 and 13%.

Results show that there is an inflection of the den-
sity and linear refractive index, as the glass composi-
tion moves from a phosphorus rich to a boron rich
network. This network transformation also impacts the
thermal stability of  the glass, with the x=10% compo-
sition exhibiting the least stability as regards
fiberisation. Analysis shows that a structural transi-
tion similar to that seen in glasses without Ti/Nb oc-
curs which exhibits a slight decrease in glass stability
for x=10% composition.

From the polarised spontaneous Raman data we
were able to obtain qualitative information regarding
the glass structure, and estimations of the spectral gain
curve for these three different glass compositions, based
on spontaneous cross section measurements. Our esti-
mations show that these glasses exhibit an overall spec-
tral gain of the same order of  magnitude as fused silica,
with an improved spectral bandwidth that spans, con-
tinuously, over 1000 cm-1, corresponding to 50 THz of

spectral bandwidth available for amplification appli-
cations (when pumped at 1064 nm), an improvement
of  almost five times as compared with SiO2.
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