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Abstract: We present a microstructured fiber whose 9 um diameter core
consists in three concentric rings made of three active glasses having
different rare earth oxide dopants, Yb**/Er’*, Yb**/Tm’" and Yb**/Pr’*,
respectively. Morphological and optical characterization of the optical fiber
are presented. The photoluminescence spectrum is investigated for different
pumping conditions using a commercial 980 nm laser diode. Tuning of the
RGB (or white light) emission is demonstrated not only by adjusting the
pump power but also by using an optical iris as spatial filter which, thanks
to the microstructured core, also acts as a spectral filter.
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1. Introduction

Numerous application fields such as optical sensing, biological analysis, biomedical
diagnostics, Red Blue Green (RGB) display require the use of radiation sources either
broadband or single frequency operating at visible wavelengths [1].

Nowadays, several well mastered technologies allow to produce such sources, see for
instance Table 1 in [1]. However, each of these techniques present one or several
disadvantages that do not allow to achieve the range of performances required by the
applications foreseen.

A possible alternative to engineer visible light sources, either in the form of laser or
broadband source, relies on up-conversion mechanism that can occur in rare-earth (RE) ion
elements when pumped with an infrared laser source. This physical process has been
exploited since the 90s to produce visible light lasers from fluoride glasses using red or near-
IR pump laser sources (see for example Table 3 in [2]). However, fluoride glasses suffer from
poor chemical durability and require stringent manufacturing process to avoid crystallization.
Nonetheless, other glass materials and pumping schemes are available.

Amongst the possible glassy materials able to host rare-earth ions, tellurite glasses possess
properties well adapted to ignite up-conversion mechanisms. Those are: ability to accept large
concentrations of ions without clustering, high refractive index and more interestingly a low
phonon energy [3]. The latter property is of particular importance for what concerns up-
conversion mechanism. Like for fluoride glasses, the low phonon energy of tellurite glasses
allow for long lifetime of metastable states through which the electrons transit to the upper
levels that lead to visible emission. For instance the typical lifetime of the 41;,, level of Er’*
in tellurite glass is 200 ps, while in silica glass its value is less than 10 ps [4].

Furthermore, using trivalent ytterbium Yb®" as a sensitizer enhances the up-conversion
efficiency [5]. Through its high absorption cross-section and simple energy structure, the
Yb** ion provides an efficient energy transfer path towards the acceptor ion (A) with a limited
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backward energy transfer from the latter [2]. Moreover the presence of Yb** ions allow the
use of bright commercial infrared single mode 980nm laser diodes for pumping.

In recent years many studies have reported on the spectroscopic analysis of RE ion pairs
such as Yb**/Ho™*, Yb™*/Pr’*, Yb**/Tm** or Yb>*/Er’* in tellurite bulk glass [5—9]. The up-
conversion mechanisms for these ions pairs have been extensively described in literature, e.g
[5-12].

With the aim to engineer multiple wavelengths, broadband or white light sources, several
studies [13-16] have also discussed the investigation of tellurite glass bulk samples triply
doped with the rare-earth ions mentioned above. Indeed the possibility for one glass to host
several Yb**/A pairs appears appealing. However, as discussed in [17], the presence of
several RE ions in the same glass matrix leads to detrimental energy transfer phenomena.
These interactions quench the visible emissions of each acceptor ion and reduce the efficiency
of the overall up-conversion process.

To overcome this issue, Yang et al. [17] suggested to separate spatially emitting ions by a
layered structure where each layer embeds one Yb**/A pair. Also beneficial for up-conversion
process is the tight optical confinement provided by waveguide structures. However, up to
now only few works have reported on the generation of visible emission within a tellurite
glass optical fiber [7,9].

Combining both layered and waveguide structures, we report on the fabrication and the
characterization of a broadband visible light source in the form of a microstructured RE
doped tellurite glass optical fiber. The core of this fiber consists of three concentric rings
doped with different Yb**/A pairs that can be simultaneously pumped with a single
commercial laser diode operating at 980 nm.

2. Experimental procedure
2.1 Glass Composition and fabrication

Compositions of the four glasses fabricated in this work are reported in Table 1. The three
compositions named for short TZN1, TZN2 and TZN3 were designed to be part of the fiber
core surrounded by a cladding made of the passive glass composition TZN4.

TZN1, TZN2 and TZN3 were doped with the three RE-ions pairs Yb**/Tm’*, Yb**/Pr’*
and Yb’*/Er’*, respectively. These three ion pairs were selected on the basis of their reported
suitability for up-conversion process in tellurite glass [5,8]. In particular, the combined visible
emission spectra of Tm’*, Pr’* and Er’* cover a large bandwidth of the visible spectrum with
several emission peaks at the red, green and blue wavelengths.

After mixing, the batched chemicals were transferred into a Pt crucible for melting. The
melting procedure was carried out inside a glove box under dried air atmosphere with a water
level lower than 7 ppm. The onset melting temperature was 750 JC and the duration of the
process 3 h. The furnace temperature was lowered down to 720 °C for 1 hour prior to casting.
The melt was then cast in a brass mould preheated at Tg —10 JC and annealed at the same
temperature for 1h.

In order to engineer a suitable refractive index profile distribution into the fiber, the
amount of tellurium dioxide was progressively reduced from TZN1 to TZN4 and in
replacement sodium oxide quantity was increased. Table 1 shows RE ions concentration in
weight percentage added to the glass host and the refractive index of each glass host
composition at a wavelength of 633 nm.

Details on glass fabrication and characterization can be found in [18].

2.2 Fiber design and fabrication

To exploit the individual up-conversion emission observed in Yb*/Er'*, Yb*™/Pr’* and
Yb*/Tm* co-doped tellurite bulk glass samples, the fiber was designed to have a core
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consisting of two concentric rings made from glasses TZN2 and TZN3 that surround a central
circular area made of glass TZN1.

The three glass compositions were designed to provide a decreasing refractive index
profile when going from the center of the core towards the cladding zone. A schematic
diagram of the fiber cross section is reported in Fig. 1.

Table 1. Composition and refractive index of the tellurite glasses used to manufacture the
optical fiber presented in this paper.

Glass label Composition RE ions added n at 633 nm
(mol %) (Wt%) +0.001

Yb,0; 1

TZN1 79Te0,:15Zn0:6 Na,O Tm,03 0.1 2.067
Yb,0; 1

TZN2 78 Te0,:15Zn0:7Na,O Pr,03 0.3 2.056
Yb,0; 1

TZN3 77Te0,:15Zn0:8Na,0 Er0O; 0.15 |2.044

TZN4 . )

cladding 75Te0,:15Zn0:10Na,O 2.022

Core: Yb3*/ Tm3+

Core:

@ ' Yb3+/ pr3

Core: Yb3*/ Er3*
Refractive index

profile cladding

Fig. 1. Simplified schematic diagram of fiber cross section

The choice of a core made of concentric layers allows to incorporate several types of
emitting ions while limiting the interaction of pairs with one another. Such interaction could
quench the visible emission through non radiative energy transfer processes. Despite the
refractive index structure, some interaction between acceptor ions by field overlap and
evanescent field is still to be expected. Similar concentric structures have been already
developed to tailor the dispersion properties of passive optical fibers for telecom [19]. An
analogy in terms of field propagation of the pump can also be made with double cladding
fiber geometries used for high power fiber lasers [20]. Actually, the fiber was developed (see
details below) so that the dimension of the triple layer structure fiber, 9 uym in diameter,
would match closely the dimension of the pumping fiber core, 6 pm in diameter. Adding that
the index contrast between TZN4 and TZN3 provided a numerical aperture (NA) of 0.3 to
ensure multimode operation at 980 nm; the fiber was thus designed so that an efficient and
homogeneous pumping along short fiber length could be achieved.

In terms of emission field interaction, the fiber was designed so that the numerical
apertures of 0.3 between adjacent layers limits the penetration of evanescent field from
internal layers into the adjacent external cladding layer. In a similar fashion to what occurs in
double cladding fiber, the emission field arising from external layers can propagate through
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the internal layers of higher refractive index. However, this interaction between rare-earth
ions is limited to radiative processes which could be minimized or possibly exploited through
adequate fiber designs optimized via propagation field modeling technique.

The fiber was manufactured by preform drawing using a drawing tower developed in-
house. The fiber preform fabrication required the manufacture of one rod of glass TZN1
obtained by melt quenching and three tubes of glasses TZN2, TZN3 and TZN4 shaped by
rotational casting at 3000 rpm. Although tellurite glass shows a good resistance against
crystallization upon reheating, the preform fabrication process was drawn up to minimize the
number of reheating steps for each glass composition.

The drawing tower furnace consists in a graphite ring heated by an induction operating at
248 kHz and delivering 170 W to reach drawing temperature (SAET, Torino). The preform
was fed into the furnace and drawn into fiber at a speed of 2.5 m/min under a tension of 70
mN at a temperature of 370°C. About 200 m of uncoated pristine fiber were drawn without
showing any sign of crystallization.

2.3 Property measurements

Fiber photoluminescence spectra in the visible range were recorded by exciting a 5 cm long
fiber sample with a single mode 978 nm fiber pigtailed laser diode coupled by butt-coupling.
The output emission was measured by a fiber spectrometer (Avantes, AvaSpec-2048x14).
The resolution of the spectrometer was 2 nm and its sensitivity was tuned by changing the
integration time in order to get the highest spectrum dynamics while avoiding saturation. The
spectrometer comes with a predefined wavelength calibration stored in the on-board
EEPROM, so the measured spectra are automatically corrected from the instruments spectral
response.

To avoid disturbance from the residual pump during measurements, a wideband hot-
mirror (Thorlabs FMO1) at 980 nm was placed at the end of the fiber. The photoluminescence
spectrum of the fiber output was measured for the following pump powers, 6 mW, 15 mW, 70
mW, 125 mW.

Fiber emission intensity in the visible range was measured using an UV enhanced silicon
photodetector (Newport 818-UV).

All measurements were performed at room temperature.

The concentric configuration of the tellurite glass fiber presented here has an additional
advantage. Not only the individual emissions from the three core regions can be easily
combined along their common optical axis but more interestingly they can be also spatially
separated through a simple optical setup like the one shown in Fig. 2. The optical bench
consists of a near field imaging setup with an iris adequately positioned further down the
optical path. The iris acts then not only as a spatial filter but also as a simple optical
wavelength filter that permits for selecting one particular zone of the spectrum or for tuning
the RGB emission.
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Fig. 2. Optical setup used to tune the RGB emission by spatial filtering. The colored beam
illustrates the multi-wavelength emission arising from the core structured in concentric layers

3. Results and discussion

The morphology of the fiber and, in particular, of the microstructured core was investigated.
Figure 3 shows an optical micrograph of the fiber cross-section (a) and a scanning electron
micrograph image taken in back-scattering mode (b). In this latter image the dimension of the
different concentric layers of glass TZN1, TZN2 and TZN3 are reported. It can be seen that
the core is made in large part of TZN3 doped with Er’*. This is due to an unwanted collapse
of the TZN2 tube during the manufacture of the preform.

In spite of the small central layer dimension of 1.6 um in diameter, due to the large NA of
0.3 between adjacent layers and the short emission wavelengths, none of the layers was found
to operate in the single mode regime at the photoemission wavelengths.

Due to the lack of suitable sources operating at wavelengths outside the rare earth multiple
absorption peaks, it was not possible to carry out standard cut-back measurements.
Nonetheless optical losses are assumed to be of the same order of magnitude (~1 dB/m) to
that of passive tellurite glass fibers manufactured in our laboratory using the same fabrication
procedure [21].

The fiber photoluminescence spectrum in the visible range is reported in Fig. 4, where
emission peaks are labeled with the corresponding RE ions level transitions. The spectrum
was arbitrarily normalized on the intensity of the most intense emission peak of Er’* ion
4S3,2—>4115/2. Actually, as one can observe on the fiber emission spectrum shown in Fig. 4, the
intensity of the peak centered at 546 nm (Er3+: 4S3,2—>4115/2) appears to be higher than other
emission peaks from other RE ions. It should also be highlighted that during the
measurements an intense green light arising from the fiber could be observed to the naked
eye. This observation suggests not only that green emission from Er** exceed other emissions
in terms of absolute power, but also that the confinement of spontaneous emission is
relatively low.
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Fig. 3. Optical microscope image of the tellurite glass fiber cross-section (a) and scanning
electron micrograph image taken in back-scattering mode (b)
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Fig. 4. Fiber photoluminescence upon 978 nm excitation

Although the emission from all three Tm®*, Er’* and Pr’* ions could be detected, the
magnitude of the emission from Pr’* ions collected out of the fiber is considerably lower than
the others, as also observed in bulk glass fluorescence measurements. Actually unlike
reported by [22], this observation suggests that the 980 nm is not well adapted for pumping
the pair Yb**/Pr’* and generate visible up-conversion. In fact 980 nm pump photons will be
absorbed by Yb** ions in the ground state, then these latter will transfer their energy to Pr’*
ions promoting them to the 'Gy intermediate level by energy transfer (ET). At this point 980
nm pump photons will not possess enough energy to promote efficiently Pr’* ions to the °P,
level by excited state absorption (ESA). As suggested by numerous reports in literature a
more viable pumping scheme of the Yb*'/Pr’* pair relies on the use of a pump source
operating at 850 nm [2].

During fluorescence measurements, it was also noticed that the relative intensity of the
peaks one to another can be altered by adjusting the input pump power, as reported in Fig. 5.
Similar effect has already been reported by [23] and is of interest for tunable RGB
applications. The general trend is that the magnitude of long wavelength peaks decrease at the
expense of short wavelengths peaks, while increasing the input pump power. This effect can
be explained as follows.
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In Tm™ ion, the peak emission centered at 650 nm arises from both the 1G4—>3F4
transition and the 3F2,3—>3H6 transition, while the peak emission centered around 800 nm arise
from the transition from 3H4—>3H6 3H6 (see for details the schematic RE ions energy-level
diagram reported in Fig. 6). Although population of the 'Gy level requires a 3 photons process
[8], population of the °F, 5 and *H, levels can occur through excited state absorption from the
*E, level. Not only, this two-step process requires solely 2 photons but also the “metastable or
transitional” level “F; possesses a relatively long lifetime in tellurite glass, typically of the
order of 2 ms, which favors the ESA process [24]. In other words, even for low incoming
photon density level, 3Fzy3 and *H, levels get populated while population of the more energetic
level 'G, remains limited. As the incoming photon density increases population of the 'Gy
level increases at the expense of the direct population of the 3F2,3 and *H, level by ESA from
the 3H4 levels.
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Fig. 6. Schematic energy-level diagram for the Yb*™/Tm*, Yb*™/Pr’* and Yb*/Er** doped
tellurite glasses
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A similar discussion can be held regarding the Er’* ion, where population of the ‘F, and
*Ioyz levels, leading respectively to peak emissions centered at 650 nm and 800 nm, can occur
either via the 2H11,2 followed by a multiphonon decay or directly via ESA from level 4113,2,
which in tellurite glass presents a lifetime typically of the order of 3 ms [25]. The former case
occurs for high photon density and leads to an intense green emission centered around 546
nm corresponding to the 2H11,2—>4115,2transition, while the latter case occurs at low incoming
photon density.

The relative intensity of the peaks one another can also be altered by tuning the fiber
length. Like in the case of a decreasing pump power, an increase of the fiber length will lead
to an increase of magnitude of long wavelength peaks at the expense of short wavelengths
peaks, due to reduced photon density towards the fiber end extremity.

The pump power absorbed by 5 cm of the microstructured fiber was measured to be 10
mW for 100 mW launched power giving rise to a visible fiber emission power of about 10
uW. Although such an output power value remains low in terms of efficiency (only 0.1%), it
is nonetheless about 6 times higher than recent results [26] obtained for a tellurite glass fiber
10 cm long whose core was doped with Yb**/Ho**/Tm’* and that had a surface area about 10
times larger. This preliminary comparison suggests a more efficient up-conversion emission
process taking place in the concentric structured fiber presented here in spite of the poor up-
conversion emission efficiency of Pr’*.

To assess waveguiding within the fiber and analyze the spectral and spatial distributions
of the output field, the near field of the end face of the fiber was imaged on a video camera.
Two sections of fiber were analyzed, one 10 cm long and the other 5 cm long. Launched
pumping power was 100 mW.

A wideband hot-mirror (Thorlabs FMO01) was placed on the beam path to filter out the
residual 980 nm pumping radiation. The resulting near field image is shown in Fig. 7a) in
which one can observe the structure of the fiber through the spectral pattern of its output field.
Although the emission ring from Pr** is distinguishable, its intensity appears far lower with
respect to the emission arising from the Er’* and Tm’*. In the central core area the red
emission from Tm>* (3F2,3—>3H6) transition can be clearly distinguished. The red emission
could be observed to the naked eye along the end extremity of the fiber where the blue
emission from Tm** (‘'G,—’Hg) was lower due to the decreasing pump intensity and re-
absorption. Figure 7b) shows the output length for a 5 cm long section of fiber where the red
emission from Tm’* was filtered using a dichroic cyan filter (Thorlabs FDIC) to reveal the
blue of emission from Tm®** ('G,—*Hy).

Fig. 7. Near field images of the microstructured fiber upon 978 nm excitation, without filtering
(a) and with a subtractive dichroic cyan filter (b)
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As already mentioned above, one could tune to some extent the output emission of the
fiber by adjusting the pump power. However, one disadvantage of this approach is a non-
negligible residual pump power which is detrimental for some applications. Moreover the
power density at a specific wavelength would also be altered which is not a desired feature
either. Instead, using an iris in a similar setup to the one shown in Fig. 2 allows one to tune
the emission without requiring to the use of high pump power and without modifying the
power density of the desired wavelengths. This is illustrated in Fig. 8 which shows
photoluminescence spectra acquired for two distinct apertures of the iris. For the small
aperture position, the reduction of the green emission from Er’* is clearly distinguishable,
although the emission peaks remains yet the preponderant one across the whole spectrum.
This simple tuning approach illustrated one of the beneficial features of the concentrically
layered tellurite glass fiber presented here.
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Fig. 8. Effect of spatial filtering on fibre photoluminescence upon 978 nm excitation
4. Conclusions

The optical fiber structure presented allows for exploiting individual emission from different
rare-earth ions. The structured core permits to overcome potential non radiative processes and
complex energy transfer between ions that would take place in a non-structured core. At the
same time, emissions from all ions are guided and exit the fiber along the same optical
propagation axis. This feature presents the advantage of simplifying the optical setup intended
to use the emitted beam. For instance this feature makes possible the use of a simple iris as
wavelength filter to tune the RGB emission.

With the aim to improve the output emission from the fiber in terms of efficiency and
absolute power, further work will be carried out to optimize ions concentration level, core
geometry dimensions and refractive index profile. Addition of other rare earth elements will
also be considered to engineer a broadband source covering the whole visible spectrum.

Moreover addition of other RE ions should also be considered to engineer a broadband
source covering the whole visible spectrum.
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