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Abstract: A tellurite optical fiber doped with Er** and ce®! ions was designed and
fabricated with the aim of assessing its suitability as laser and optical amplifier operating at
1550 nm, compatible with silica fiber standard dimensions. High-quality optical fibers, with
an attenuation loss of 1.0 dB/m at 1320 nm, were obtained featuring a 6-um diameter core.
A fiber laser emitting at 1550 nm upon pumping at 976 nm and a fiber amplifier characterized
by signal amplification of 8 dB for a length of 10 cm were demonstrated.

Index Terms: Oxide materials, fiber lasers, laser amplifiers.

1. Introduction

With the increasing need for telecom bandwidth, the development of novel optical amplifiers offering
wider gain bandwidth than current technologies remains a research topic of prime interest. Current
amplifier technology relies for most and for all on erbium-doped fiber amplifiers (EDFAs) made from
silica glass fibers, whose typical gain bandwidth is 35 nm in the C-band [1].

Tellurite glass is one of the materials whose physical properties could allow to supplant silica
glass for amplifier components. Tellurite glasses have a wide transmission region (0.35-5 um),
good glass stability and corrosion resistance, the lowest vibrational energy (about 780 cm~")
among oxide glass formers, low-process temperature, and a high refractive index which increases
the local field correction at the rare-earth ion site and leads to an enhancement of the radiative
transition rates [2]-[4]. Er-doped tellurite glasses offer high and very broadband emission cross
sections in the third telecom window [5], [6] and, thus, have been proposed as an alternative for
high-density optical networks. Through a series of publications [7]-[9], the research group at
NIPPON Telegraph and Telephone Corporation did report the demonstration of a 14-m-long
erbium-doped tellurite glass fiber amplifier reaching a maximum small signal gain up to 50 dB and a
20 dB small signal gain across an 80-nm bandwidth. However, despite the very promising results
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TABLE 1

Composition, Glass Transition Temperature Tg, Onset Crystallization Temperature Ty, AT =Ty — Tg,
and Refractive Index at 1321 nm for the Tellurite Glasses Synthesized to Fabricate the Optical Fiber.
Doping Values of Rare Earth lons Are Expressed in Added wt% With Respect to the Host Material

Composition Te (°C) T (°C) @T(°C) nat1321 nm
Gl
ass hame (mol%) £3°C #3°C  +6°C +0.0001
71 75Te0,:15Zn0:10Na,0 287 398 111 1.949
22 76 Te0,:152n0:9 Na,0 292 404 112 1.959

79Te0,:13Zn0:8Na,0
TZ3 296 434 138 1.985
+ 0.5 wt% Er,05 +1 wt % CeO,

reported by the NTT research group, Er**-doped tellurite glass optical fibers have yet to be
exploited in the form of commercial devices operating at standard telecom wavelength.

To understand the possible reasons behind this lack of exploitation, we have fabricated an Er/Ce-
doped tellurite glass fiber that we have implemented as an optical amplifier operating in the third
telecom window.

In this paper, we review the range of performances achievable using this type of fiber and discuss
its possible limitations not only in terms of optical performances but in terms of manufacturing/
packaging effort required to develop a reliable component as well.

2. Experimental Details

2.1. Glass Fabrication and Characterization

The glass fiber was made out of three different glass compositions, namely TZ1 (outer cladding),
TZ2 (inner cladding) and TZ3 (core). The details of the glass compositions are given in Table 1.
The choice of a double cladding structure was driven to ensure a uniform collapse around the
structured central rod during fiber drawing. The core glass TZ3 was doped with 0.5 wt% of
Er,O3 (8.12-10"° Er®* ions per cm3) and 1 wt% of CeO,, corresponding to a concentration in
either Ce3" or Ce*" ions of 1.92 - 10 per cm?3.

The introduction of CeO, as a codopant follows the successful demonstration [10] of a more
efficient emission from Er®* when codoped with Ce®". Actually, in low phonon energy material such
as tellurite glasses, the relatively long lifetime of level 4I11/2 results in enhanced excited state
absorption (ESA), resulting in green upconversion emission rather than the targeted emission
centered in the telecom window around 1.5 um. As reported in [11] and [12], the introduction of
Ce®" has for effect to enhance the non radiative transition of Er** from “l4 » toward the #I'%/2 level.

The doping concentration was kept to a moderate level in order to avoid any detrimental effect
such as ion clustering and other possible concentration quenching phenomena [13]-[15]. The
minimum purity of the chemical precursors involved in this work was 99 + %. After weighting and
mixing, the batched chemicals were transferred into a platinum crucible for melting within a
chamber furnace. The melting procedure was carried out inside a glove box under dried air
atmosphere with a water level lower than 1 ppm. The onset melting temperature was 730 °C and
the duration of the process 2 hours. The melt was cast in a brass mold preheated to 300 °C and
annealed at T — 10 °C for 2 h.

Thermal analysis was performed on fabricated glasses using a Perkin Elmer DSC-7 differential
scanning calorimeter up to 550 °C under Ar flow with a heat rate of 10 °C/min in sealed Al pans
using around 30-mg glass samples. Thermal analysis was carried out to measure the character-
istic temperatures Ty (glass transition temperature) and T, (onset crystallization temperature).
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Their measurement also allows assessing the corresponding glass stability. These temperatures
were measured with an error of +3 °C. The refractive index of the glasses was measured at
1.3 um by prism coupling technique (Metricon, model 2010). The resolution of the instrument was
+0.0001. Absorption spectra in the IR region were also measured in order to assess the occurrence
of Ce®" ions, as explained below in the discussion. Such measurements were carried out on a 2 mm
thick sample optically polished on both sides. Fourier transform infrared spectrometer (Bruker,
Tensor 27) working in transmission mode, equipped with Deuterated triglycine sulfate (DTGS)
detector, was employed and the spectra were acquired with OPUS 6.5 acquisition software. Spectra
have been taken between 6000 and 400 cm~' with a resolution of 4 cm~" and acquiring an average of
64 scans. A cerium free tellurite glass with very similar composition (79TeO, : 13Zn0O : 8Na,O +
0.5 wt%Er.O3) was used as a reference to compare the spectral features.

An additional glass pair was fabricated to compare the effect of Cerium addition on the optical
properties of the TZN glass. These glasses featured the same host composition (79TeO, : 13Zn0O :
8Na,0). TZ4 was doped 0.5 wt%Er,O3 while TZ5 was doped with 0.5 wt%Er,O3 + 1 wt%CeOs.
Glass synthesis was carried out under dry atmosphere in a glove box in order to minimize the OH
content. TZ5 glass shared the same composition of TZ3, which involved a fabrication step in the
laboratory atmosphere. However, to be compared rigorously with TZ4, TZ5 was entirely manu-
factured in the controlled glove box environment in order to minimize the OH content.

2.2. Optical Fibre Fabrication and Characterization

The optical fiber preform was produced by the built-in-casting technique. For this process the TZ2
and TZ3 glasses went through a second melting step which had to be carried out in laboratory
atmosphere to ease the casting procedure. The jacketing cladding tube was produced from glass
TZ1 by the rotational casting technique at a rotational speed of 3000 r/min. Dimensions of the
obtained tube were 11 mm outer diameter (OD), 3.8 mm inner diameter (ID) and 120 mm in length.
The core/clad structured rod produced by built-in-casting was stretched down to a diameter of 3.5 mm
to fit into the jacketing tube.

The preform was drawn into fiber using a drawing tower developed in-house. The furnace
consists in a graphite ring heated by an induction operating at 248 kHz and delivering 170 W to
reach drawing temperature (SAET, Torino, ltaly). The preform was fed into the furnace and drawn
into fiber at speed of 2.5 m/min under a tension of 70 mN. About 150 m of fiber were manufactured.
The diameter of the fiber was monitored and recorded during drawing using an optical diameter
monitor and by recording the online data using a personal computer.

Preform and fiber fabrications parameters were set in order to develop a fiber with a core of 6 um
diameter. Such value was targeted to achieve an acceptable coupling efficiency from the flexcore
fiber (5.6 um core diameter) while limiting the multimodal behavior arising from the large numerical
aperture (see Section 3). Moreover, the use of a larger core with respect to previous work allows
using shorter length of fiber for reaching the same amplification level. This is an important issue if
one considers the development of the compact component and the difficulties in managing the long
length of tellurite glass fiber due to the fragility of the material itself.

The fabricated optical fiber was inspected for quality and morphology by means of optical
microscopy using a Nikon ECLIPSE E 50i microscope. The attenuation of the fiber was measured
by the cut-back method using a single mode optical fiber laser diode at 1.29 um for three sections of
fiber corresponding to the initial, central, and final stages of the drawing process. The modal
properties of the fiber were analyzed by near-field imaging the output of a 7-m-long section of fiber
at the wavelength of 1.29 um by butt coupling a fiber pigtailed single mode laser diode.

2.3. Laser and Gain Experiments

A 10-cm-long section of tellurite glass fiber was used to demonstrate laser emission at the
wavelength of 1.55 um. The optical fiber was pumped at 976 nm by butt coupling a fiber pigtailed
single mode laser diode (Pirelli model 23041). The laser cavity relied on the Fresnel reflections
occurring at the fiber end facets. For the tellurite glass considered in this work the Fresnel reflection
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coefficient was 12%, thus providing sufficient feedback to allow for lasing. Although this confi-
guration does not allow for stable lasing operation in terms of operating wavelength, this could be
achieved through further optimization, which is out of the scope of this paper. In silica glass fiber,
pumping at this wavelength allows obtaining higher gain per unit length and lower noise than
pumping schemes at other wavelengths such as 1480 nm [16]. The collected signal was sent to an
optical spectrum analyzer (OSA). The laser output power was recorded with respect to pumping
power in order to determine the laser slope efficiency.

Another section of the same fiber was deployed to operate as an optical amplifier. The
experimental setup consisted of a length of fiber that was butt-coupled at one end to a Flexcore
1060 optical fiber supplying the optical signal generated by a tunable laser and at the other end to a
wavelength division multiplexer (WDM), also using Flexcore 1060 fiber. The WDM was itself
connected to a 976 nm laser diode delivering 100 mW of optical pump power into the tellurite glass
fiber in a counter-propagating fashion. The output of the WDM was connected to an OSA where the
amplitude of the amplified signal could be measured.

2.4. Fluorescence Spectroscopy and Lifetime Measurements

The two samples TZ4 and TZ5 were tested for fluorescence by pumping them at the wavelengths
of 795 nm, using a single mode fiber pigtailed laser diode (QPhotonics QFLD-795-100S) with a
power of 100 mW and at 514.5 nm by an Ar ion laser with a power on the sample of 0.5 mW. The
NIR luminescence was dispersed by a 320 mm single-grating monochromator with a resolution of
2 nm. The light was detected using a Hamamatsu photomultiplier tube (PMT R943-02) and a
Hamamatsu P4631-02 (IR light) and standard lock-in technique. Decay curves were obtained by
chopping the 514.5 nm CW exciting beam with a mechanical chopper and recording the emitted
signal with a digital oscilloscope. In the case of 795-nm excitation, the diode power supply was
triggered by a wave generator. All the measurements were performed at room temperature.
Fluorescence spectra and lifetime measurements were collected in both wavelength regions by
exciting the samples at the very edge in order to minimize reabsorption.

3. Results

3.1. Glass and Fiber Characterization

Thermal analysis and refractive index measurements of the optical fiber glass precursors are
reported in Table 1.

It is possible to observe that the fiber glass compositions showed an increasing value of the Ty
going from the outer cladding toward the core. The same observation can be made for the
crystallization temperature and for the glass stability against crystallization. This configuration
guarantees a higher stability for the glasses (TZ2 and TZ3), which had to undergo multiple
collapsing steps and thus prevents nucleation and growth of unwanted nanocrystals. The measured
refractive index of the glasses was compatible with our design, being the refractive index of the core
higher than the cladding one, corresponding to a numerical aperture (NA) of 0.32 between core and
first cladding and a NA of 0.20 between the first and second cladding.

Fig. 1 shows the absorption spectra of TZ4 and TZ5 glasses in the infrared region. In the TZ5
absorption spectrum, it is possible to distinguish the peak due to the Ce®" transition from the 2F5/2
ground state to the excited state 2F7/2. Such a peak is absent in the cerium free glass.

The spectra show a broad, strong absorption band between 2500 and 3500 cm~' with the
maximum at about 3000 cm~', which is attributed to the OH groups incorporated in the glass
coming from the chemicals and the fabrication atmosphere [17]. The monitoring of the fiber
diameter during fiber fabrication provided measured low spatial frequency long range diameter
fluctuations to be of the order of +£7 um with respect to the average diameter value of 124 ym over a
length of 150 m.

An optical micrograph of a section of the fabricated tellurite fiber is shown in Fig. 2, where the
triple glass structure, featuring the Er** /Ce3+-doped glass composition TZ3 in the center, is clearly
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Fig. 1. FTIR absorption spectra of the Er** (TZ4) and Er** /Ce3+ (TZ5) codoped tellurite glasses.

Fig. 2. Optical micrograph of a section of the fabricated tellurite fiber. The triple glass structure, featuring
the Er** /Ce®" doped glass composition TZ3 in the center, is clearly evident.

evident. In spite of the 6-um diameter core being slightly out of center, the structure of the fiber was
of good quality and free of major defects for the parts examined.

The near-field imaging allowed us to determine that the fiber supported two modes: LPO1 and
LP11 at 1290 nm. The fiber attenuation loss measurements carried out on the initial, central,
and final stages of the drawing provided the values of 1.10 dB/m, 1.05 dB/m, and 1.00 dB/m at
1290 nm, respectively. The measurements used for the attenuation coefficient calculation are
reported in Fig. 3. The standard deviation between fitted and measured values was +0.05 dB/m.
For purposes of clarity, the loss curve of the fiber for the initial stage of the drawing is not shown.
The optical losses resulting from the butt-coupling at both end of the tellurite fiber were measured
to be 6.4 dB.

3.2. Optical Fiber Laser Demonstration

The coherent emission was successfully demonstrated, and the spectrum of the laser is reported
in Fig. 4. The output characteristics of the fiber laser are reported in Fig. 5. The maximum output
power measured was 2.6 mW for a pump power of 250 mW at 976 nm, with threshold of around
100 mW. The corresponding slope efficiency of the laser was 1.3% with respect to launched pump
power. It is worth noting that a strong green luminescence was easily seen with the naked eye in
both experiments.
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Fig. 3. Attenuation coefficient measurements performed by the cutback method using a single mode
optical fiber laser diode at 1.29 pm.
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Fig. 4. Laser spectrum of the Ers*/Ce3+ tellurite fiber obtained by exciting at the wavelength of 976 nm.
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Fig. 5. The 1.55-um output lasing power as a function of input pump power at 976 nm.
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Fig. 6. Signal net gain measurement collected for three signal input powers of —20 dBm, —10 dBm, and
0 dBm at wavelength ranging from 1500 nm to 1640 nm. Butt-coupling losses are also reported. Optical
pump was 100 mW at 976 nm.
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Fig. 7. Photoluminescence spectra of the Er** (TZ4) (dotted line) and Er**/Ce®" (TZ5) (continuous line)
activated tellurite glasses.

3.3. Optical Fiber Gain Measurements

The signal net gain was measured for three signal input powers of —20 dBm, —10 dBm, and 0 dBm
at wavelength ranging from 1500 nm to 1640 nm. Results of measurements are shown in Fig. 6.

The intense visible green emission arising from the fiber suggests that in spite of the presence of
ce®', the pumping efficiency was still limited by upconversion mechanism. The green luminescence
was showed to increase with increasing pump power. Nevertheless, net gain was achieved in the
10-cm-long fiber for signal wavelength ranging from 1520 nm up to 1570 nm and signal power up to
0 dBm. Taking into account the coupling losses to consider internal gain rather than net gain, one
can see that the wavelength for which the fiber effectively acts as an amplifier range from 1500 nm
up to about 1630 nm. Also, the fiber provided an internal gain as high as 14 dB for an input signal of
—20 dBm at 1534 nm. Using a more adequate coupling technique, the net gain could reach this
value.

3.4. Comparative Luminescence Spectra of ER and ER/CE Glass Samples

TZ4 and TZ5 glasses, which are completely fabricated in the glove box, provided fluorescence
spectra in the visible and near-infrared wavelength range by pumping at 795 nm. To the naked eye,
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TABLE 2

Excited State Lifetime Values for Er** and Er**/Ce®" Doped Samples by Pumping at the Wavelength
of 795 nm and 514 nm, Respectively. The Intensity Ratio of the Peaks at 1533 nm and at 981 nm Is Also
Reported for Both Glasses for Comparison

N N Er*iys), lifetime Er %My, lifetime Intensity
Glass label (cr:'r3) (crrf%) (ms) £0.1ms (ms) £0.02ms ratio? Er*
@795 nm @514 nm @795nm @514 nm @795 nm
TZ4 (Er) 8.17°10% - 5.6 5.9 0.26 0.29 10.1
TZ5 (Er-Ce) 8.1210°  1.9210% 49 4.0 0.23 0.24 14.0

3Ratio between the lifetime values of the Er**ion decay levels*lys—*hs// Y110 15/2.

the green upconversion luminescence appeared stronger for glass TZ5; a quantitative comparison
between the two samples could not be possible due to unavoidable differences in the sample
excitation configuration. In the case of infrared luminescence, both glasses, when pumped with the
same intensity and in similar geometrical configuration, displayed emission peaks centered at 981
and 1533 nm corresponding to the *l11,2 — *l5/2 and *ly3/ — “I15/2Er3+ transitions, respectively.
The photoluminescence spectra are reported in Fig. 7.

The lifetime values of Er®™ : 4I13/2 and Er** : 4I11/2 were measured at the wavelength of 1533 nm
and 981 nm, respectively, both by pumping at 795 nm and 514 nm. Results are reported in Table 2.

Excitation at 795 nm in “Ig /2 state was performed in order to avoid possible site selection and any
resonant excitation with the observed emitting state #1;4 /2- Evidence that site selection is negligible
in these glasses is proved by the results reported in Table 2, where lifetimes were measured upon
514.5 nm and 795 nm excitation in the 2H11/2 and 4I9/2 states, respectively [18].

4. Discussion

Given the relatively low purity of the chemicals and the impossibility to develop the whole preform
fabrication process inside a glove box, the quality of the fiber can be considered satisfying. It is
worth mentioning that the passive tellurite glass fiber developed in our laboratory exhibits typical
loss of 0.5 dB/m at 1.3 um. The excess loss present in the Er/Ce-doped fiber could be attributed to
the tail of the absorption of Er**, as suggested by Auzel [19]. Also, possible contribution from tail
band absorption due to OH contamination could be involved.

Regarding the supported modes, the numerical aperture value of 0.32 obtained from the
refractive index measurements (see Table 1) suggests that LP11 and LP12 modes should be
supported, besides the observed LP01 and LP02. The origin of this discrepancy could be attributed
to a mismatch of the thermomechanical properties between TZ1 and TZ2; the mechanical stress
induced in the fiber might have reduced the NA of this latter. Such an effect has been reported in
several publications [20]-[23], in particular for glass systems with similar thermomechanical
properties to tellurite glass such as fluoride glass. A higher control on numerical aperture of the fiber
will be required if tellurite glass fiber is to form part of an optical component. This is particularly true
in the case of an optical amplifier where the overlap of the signal field distribution with the pumped
area plays a critical role in terms of performances. As shown in Fig. 3, the fiber losses range from
1.00 to 1.10 dB/m. This variation should be attributed to both error on measurements and possible
fluctuations of quality between the section of fiber analyzed. These fluctuations can be due either
to the presence of scattering centers or to short range fiber diameter variations. Although some
improvements of the fiber fabrication process are being pursued, the diameter and loss data
presented above suggest an acceptable level of reliability and reproducibility for the development
of optical components at a research laboratory level.

The implementation of our tellurite glass fiber as a fiber laser performed better than previous
fiber lasers obtained with similar configuration [7], being that its slope efficiency is double (1.3%
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versus 0.65%) and reaches the same output power with a much shorter fiber: 10 cm in our case
against 85 cmin [7].

Regarding the fiber implementation as an optical amplifier, our setup presents 8 dB maximum
gain value, which is lower than that reported by Mori et al. [7], who measured up to 16 dB.
Nonetheless, it should be highlighted that the input signal used in this work was higher, being
—20 dBm against —30 dBm in [7].

Taking into account the difference of fiber geometry, rare-earth ion concentration, and device
implementation, we therefore observed performances of the same order of magnitude as those
reported by the NTT group. The same group reported a small signal gain value as high as 50 dB at
1560 nm wavelength; however, the fiber length used was 14 m, and the pumping scheme involved
a 1480-nm laser diode, as opposed to a 980-nm laser diode used in this work.

The green upconversion emission arising from the Er/Ce-doped tellurite glass fiber when pumped
at 980 nm suggests clearly that the low phonon energy characteristic of tellurite glass is not well
adapted to standard telecom pumping schemes. This upconversion translates into a poor efficiency
of the amplifier and laser in terms of energy: The slope efficiency was 1.3%.

Although a 1480-nm pumping scheme appears to be more efficient in limiting the detrimental
upconversion effect, it would not allow reaching a sufficiently low noise figure value for the telecom
industry. Nonetheless, other applications of Er-doped tellurite glass fiber such as booster amplifier
operating over a large bandwidth remain of interest if pumped using a 1480-nm laser source.

The presence of a strong green upconversion also highlights that the introduction of CeO, in the
glass batch did not allow to quench the upconversion phenomena as reported in [11], [24]. Actually
the performances of the amplifier using tellurite glass fiber doped either with Er or Er/Ce are similar.
This observation suggests that any possible enhancement of the performances thanks to the
introduction of CeO. in the glass batch is limited.

The authors believe that introducing cerium as Ce*" does not necessarily provide a correspondent
amount of Ce®" ions inside the glass host. In the case of fluoride glasses, Ce*" is directly introduced
through addition with CeF3, while in the case of tellurite glasses, CeO, is employed, which is
characterized by Ce*". Usually introduced into glass melts as an oxidizing agent [25], one could
expect Ce*" to reduce readily to Ce®". Indeed, the absorption peak observed in Fig. 1 evidenced the
presence of Ce®" ions, though it does not prove that all cerium is present as Ce®". Standard melting
conditions of tellurite glass in oxidizing atmosphere cannot promote the reduction of Ce*" toCe®'. It
is therefore unlikely that all cerium compound is present as Ce*". This assumption was validated by
the strong green luminescence observed and by the measured gain values, which did not
correspond to significant improvement if compared with cerium free tellurite optical fibers [7], [8]. To
further investigate the effect of cerium, two additional glasses TZ4 and TZ5 were fabricated and
tested following the procedure presented by Choi et al. [11]. The results appeared quite different. The
intensity peak ratio (see Table 2) increased with adding cerium ions, as reported in literature [11].
However, lifetime measurements demonstrated a shortening of Er** : 41'%/2 Jifetime and a sub-
stantially stable value of Erdt . 4I11/2 with adding Ce®* ions which is unexpected considering the
well-known cross-relaxation mechanism [12]. We believe that this behavior is due to a low amount of
Cce® with respect to Ce** in our fiber so that the cerium ions effect, leading to shortening of the 4I11/2
level lifetime and enhancement of the emission intensity of the 4I13/2 — 4I15/2 transition, is not
observed.

Another important issue limiting as well the exploitation of tellurite glass fiber in real-world
systems concerns the packaging and implementation of tellurite glass fiber with other standard
optical components. If compared with silica glass, tellurite is a fragile material [26], [27], making it
difficult to manipulate and handle tellurite glass fiber. For this reason, we suggest that the length of
fiber to be used when tellurite glass is involved should be kept to a minimum. Indeed, this feature
would be beneficial in terms of compactness and packaging. In this paper, we have limited the
implementation tasks to its most simple configuration so that coupling between standard silica fiber
components and tellurite glass fiber was performed by butt-coupling; thus, it is free of any kind of
connectorization. This approach resulted in the rather high insertion losses of 3.2 dB. The NTT
group reported losses as low as 0.3 dB using a titled V groove connection technique from a
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standard silica fiber to a 3-um core diameter fiber. Considering the mismatch between the two core
diameters, one would not expect such low value. Actually, the insertion loss value reported by NTT
is even lower than the typical insertion loss value of 0.4 dB that can be obtained using a standard
angled connection of standard silica fibers. Considering the maturity of the later type of connector
technology and the fact that it involves the same fiber diameters made from material of the same
refractive index, the insertion loss reported by the NTT group seems intriguingly low.

Taking into account the dissimilarity between the two materials and the technological limitations
involved in handling tellurite glass fiber, a minimum insertion loss value lower than 1 dB appears
difficult to achieve.

Again, such insertion loss value is too high for the telecom industry but could remain acceptable
for more specific applications. Further work should take into account the possibility of introducing
cerium ions as CeFg, in an attempt to minimize cerium oxidation during melting and processing of
the glass.

5. Conclusion

The results presented in the paper highlight several limitations concerning the application of erbium-
doped tellurite glass fiber for the manufacture of telecom optical amplifier. The low phonon energy
of tellurite glass does not match with existing telecom components and technologies. To date, the
advantages in developing a specific technology to exploit tellurite glass fibers are unclear and
unlikely to be ever commercially viable. The above comments can be extended more generally to
the exploitation of other soft glass fiber such as fluoride or chalcogenide glass fibers.

In spite of the limitations mentioned, the results reported here and those of previous work suggest
that tellurite glass fibers perform well in particular in terms of amplification bandwidth. Moreover,
their high rare-earth solubility allows the development of compact fiber components.

Further improvements of the amplifier efficiency are nonetheless necessary. The use of ce®*' to
overcome the low phonon energy limits of tellurite glass could be a reliable approach, but as our
results suggest, a careful control of the melting redox conditions is required. This is true whether
cerium is introduced as Ce®" or Ce*". An alternative and perhaps more direct approach relies in
developing a tellurite glass matrix with a higher phonon energy without impairing on the amplification
bandwidth.

By means of these improvements, compact erbium-doped tellurite glass fiber amplifier and laser
could be implemented in particular for developing novel sources in the eye safe region around 1.5 um.

From our results, we could conclude that most part of Ce*" ions was not reduced to Ce*" during
glass fabrication and, thus, did not provide the expected effect on erbium emission, at least in the
case of our glass fabrication procedure. Further research activity should be focused on adding ce®*
as batch reagent and, thus, assess the difference with the samples displayed in this work.
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