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A novel, to the best of our knowledge, in-fiber temperature
sensor based on green up-conversion (UC) luminescence in
an Ef*-Yb?* co-doped tellurite glass microsphere is de-
scribed. The tellurite glass microsphere is located firmly in-
side a suspended tri-core hollow-fiber (STCHF) structure.
The pump light launched via a single-mode fiber (SMF) is
passed through a section of multimode fiber, which is fu-
sion spliced between the SMF and the STCHF into the
cores suspended inside the hollow fiber and coupled into
the microsphere. Green and red UC emissions of the
Er®* jons are observed using 980 nm pump excitation.
The temperature-sensing capability of the tellurite glass mi-
crosphere is based on the thermally coupled effect between
the upper energy levels responsible for green emissions at
528 nm and 549 nm. The resulting fluorescence intensity
ratio, depending on the surrounding temperature range
from 303 K to 383 K, is experimentally determined, and
a maximum sensitivity of 5.47 x 10 K1 is demonstrated.
This novel in-fiber microsphere-resonator-based device is
highly integrated and has the additional advantages of ease
of fabrication, compact structure, and low fabrication cost
and therefore has great application potential in integrated
optical sources including lasers. ~© 2019 Optical Society of
America

https://doi.org/10.1364/0L.44.003214

Rare-earth (RE**)-doped materials have recently been widely
studied and used in photonics with wide applicability in solid-
state lasers and optical amplifiers, which require high emission
quantum yields [1-5]. Among the multiple applications found
for RE**-doped materials, up-conversion (UC) luminescent
emission has a significant role to play for temperature sensors
[6,7]. These optical sensors are based on the temperature-
dependent fluorescence intensity ratio (FIR) technique using

0146-9592/19/133214-04 Journal © 2019 Optical Society of America

RE?" materials doped in different host materials [8~10], which
takes advantage of the temperature-dependent emission inten-
sities of two thermally coupled emitting levels of the RE*T ions.
The energy separation of the thermally coupled levels must be
between 200 cm™' and 2000 cm™!, which not only prevents
strong overlapping of the two emissions but also allows the
upper level to have a minimum population of optically active
ions in the temperature range of interest (in this case, 303—
383 K) [11,12]. Er’" as a dopant has been the most widely
studied material for optical sensors, as it exhibits strong UC
fluorescence emissions upon excitation using near-infrared
(NIR) radiation. The emissions are greatly enhanced if Yb>"
is co-doped in the Er’T-doped materials, as it is known to in-
crease the absorption cross section for NIR excitation [13,14].
Different doping concentrations also affect the temperature
sensitivity [15]. Alternative doped glass matrixes have also been
studied for this purpose, such as chalcogenide [14], fluoroin-
date [9], fluorophosphate [16], tellurite [17], and fluorotellur-
ite glasses [18]. These glass materials have demonstrated
behavior used as a probe for measuring temperature based
on a thermally coupled pair of energy levels of Er**, namely
2Hy, /2 and 48, /2> whose green emission intensity ratio varies
with temperature. In the work referenced above, the glass com-
position was initially studied in order to obtain the strongest
UC fluorescence emissions by changing the ratio of RE3" ions
in the matrix material, and then the temperature-sensing char-
acteristic of the glass material was characterized by means
of changing the luminescence intensity with temperature.
However, the excitation of the pump source and the collection
of the light signal were achieved by spatial alignment, which
is susceptible to a wide range of interference from environ-
mental parameters such as humidity, mechanical vibration,
etc. Recently, an optical thermometer probe comprising an
Er?*-Yb?T co-doped tellurite glass attached to the tip of an
optical fiber and optically coupled to a laser source and a port-
able USB spectrometer was proposed [19]. Although offering
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an improvement in stability, the structure is complex and
expensive, and furthermore is difficult to fabricate based on
the available range of RE**-doped materials. In recent years,
significant research effort has resulted in the emergence of mi-
crocavities as realistic candidates for optical resonators due to
their compact structure and excellent optical performance, e.g.,
potentially high gain. In addition, the fabrication technology
for multi-component microspheres is very mature, and hence
microsphere resonators are widely used in various optical fields
making use of many optical effects, e.g., whispering gallery
mode (WGM), generated using optical fiber coupling [20-22].
In previous work by some of the authors of this article, a struc-
ture was fabricated and experimentally demonstrated in which a
silica microsphere was encapsulated inside a special fiber, called
embedded dual-core hollow fiber (EDCHF), and temperature-
sensing capability was measured [23]. The work of [23] clearly
demonstrated that it was feasible to make such micro-structured
optical temperature sensors simpler, less expensive, more inte-
grated, and then more widely used. Therefore, in the novel
approach presented in this paper, the RE>*-doped microsphere
replaces the traditional silica microsphere inside the special fiber,
being directly pumped using the NIR source, and hence it is
possible to achieve temperature sensitivity based on the FIR
of the RE**-doped microsphere.

In the investigation described in this paper, an in-fiber tem-
perature sensor is described based on green UC luminescence
in an Ef*-Yb’" co-doped tellurite glass microsphere. The
selected host is tellurite glass, which has a relatively low phonon
energy (750 cm™!) and high solubility of RE®", and is highly
transparent in the visible region (380—-720 nm). The multiple
advantages of the properties of tellurite glass result in a low
multi-phonon relaxation rate for ion excitation, which has a
strong impact on the energy transfer process and improves sta-
bility for the microsphere’s synthesis process. The Er’*-Yb3*+
co-doped tellurite glass was initially ground into powder, then
the powder was poured into a vertical furnace to prepare the
microspheres. The prepared microsphere was placed inside
the suspended tri-core hollow fiber (STCHF), resulting in a
robustly packaged integrated device, as shown in Fig. 1. Strong
green UC fluorescence emissions were observed when subject
to excitation from the NIR pump light source, and the temper-
ature measurement capability of the resulting device was tested.
This low-cost and readily prepared device is expected to be well
suited for use in other optical fields including lasers and novel
light sources.

The Er?"-Yb** co-doped tellurite glass samples (72TeO, -
20Zn0O - 5N32CO3 - 15Y203 - 0.5El’203 - 1Yb203) were
prepared using a conventional melt-quenching method. The
commercially available raw materials used were TeO,, ZnO,
Na,CO3, Y,03, Er, O3, and Yb,O3 powders with 99.9% or
higher purity. The materials were melted at 900°C for 40 min
in a muffle furnace. Then, the glass melts were cast into a
preheated stainless-steel mold, annealed at 350°C for 3 h,
and slowly cooled to room temperature to minimize residual

| S -

SMF MMF STCHF Microsphere MMF  SMF

Fig. 1. Schematic of the microsphere-embedded SMF-MME-
STCHE-MMF-SMF structure.
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internal stress. Finally, the prepared tellurite glass was ground
into powder and passed through a 300 mesh sieve. Large
amounts of fine powders were dropped through an inert-
gas-purged vertical furnace, where those powders were molten
and transformed into microspheres by surface tension. To fab-
ricate high-quality microspheres, the furnace temperature and
the flow rate of the inert gas needed to be set at their optimal
values, which were experimentally determined to be 800°C and
2 L/min, respectively. The microspheres fell from the hot zone
in the furnace into the cold zone, where they cooled and solidi-
fied. They were then collected in a Petri dish attached to the
end of a quartz tube. The Petri dish contained a small amount
of deionized water, which acted as a liquid seal, stabilizing gas
pressure, as well as providing the microspheres a relatively clean
environment in which they could not easily be contaminated and
thus avoiding a potential reduction of the achievable Q-factor.
The microspheres were then transferred onto a glass slide.

Figure 2(a) shows a micrograph of the microspheres fabri-
cated in this investigation, and it is observed that they have a
very regular circular cross section, are uniform in size, and
possess a smooth surface. In the next processing step, a single
microsphere, with a diameter of about 50 pm, was optically
coupled to a tapered fiber with diameter 1.7 pm to facilitate
light input and output. The light from a super-continuum
source was coupled into the microsphere through one end
of the tapered fiber, and this excited the WGM:s of the micro-
sphere. The transmission spectrum at the opposite end of the
fiber was measured using an optical spectrum analyser (OSA,
YOKOGAWA, AQ-6370C), and the Q value was calculated to
be 2.51 x 104, as shown in Fig. 2(b).

In our previous work [23], a silica microsphere was success-
fully located within an EDCHF. However, in this investigation,
the STCHF was the preferred choice as a host fiber, as it offers
the capability of achieving a more mechanically stable and
reliable positioning of the microsphere due to its inherent
tri-core structure distributed in an equilateral triangle shape,

®)
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Fig. 2. (a) Microscope image of the Er’*-Yb3* co-doped tellurite

glass microspheres fabricated in our lab and (b) transmission spectrum

measured for a typical 50 pm microsphere at room temperature.

Fig. 3. (a) Microscope image of the cross section of the STCHF;
(b) schematic diagram of the STCHF structure.
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which naturally self-positions circular objects. Figure 3 is a
schematic cross-sectional diagram of the fiber. The optical fiber
consists of three circular cores with a diameter 4 = 4 pm, a
central air hole with diameter D; = 80 pm, and an annular
cladding with an outer diameter D, = 125 pm. A section of
multimode fiber (MMF) with a core diameter of 105 pm
was fusion spliced between the single-mode fiber (SMF) and
the STCHEF to reduce potential loss of pump light propagating
through the structure. The STCHF was tapered to reduce the
diameter of the cores suspended inside its air hole, thereby in-
creasing the evanescent field surrounding the cores. The fabri-
cation method used for tapering the STCHF and placing the
microsphere inside the hollow fiber are described in detail in
[22]. In the investigation described in this article, the specific
fusion parameters were slightly different due to the different
fiber structures involved, but the method is broadly the same.
Following multiple experimental adjustment of the operating
parameters, a microsphere with a diameter of about 50 pm
was firmly placed in the air hole. Finally, the opposite end
of the STCHF was fusion spliced to the MMF, and the micro-
sphere was therefore encapsulated inside the fiber structure.
Figure 4 shows the energy level diagram of Er’* and Yb>*
under 980 nm laser excitation and the associated transition
mechanisms. The green UC emissions of the Er** ions are ex-
plained as follows. Above all, by absorblng the 980 nm pump
hght, the ground state 415 /2Er3Jr ions transition to the excited
state 41, /2> v1z ground state absorption (GSA). The excited
Er** ions in 111/2 can absorb a second 980 nm photon and
hence reach the highest excited state “F; /5, namely, the excited
state absorption (ESA) process. By means of such a two-photon-
assisted process, many Er** ions originally in the ground state
transition to the highest excited state and then decay via a
non-radiative transition to the lower excited *Hy;/, and 48, 2
levels and finally produce the green emissions at 528 nm
(2H11/2 - 4115/2) and 549 nm (453/2 - 4115/2), respectively.
Additionally, there exist energy transfer (ET) processes from
Yb3+ to EP, 2F5 ) (Yb¥T) +4115, (B T) —2F; /(YD T) +
“I1/2(Er’") and 21:5/2(Yb3 ) +4111/2(Er3+) —>2F7/2(Yb3+)+
“F;/,(Er*T), which result in more Er* existing in the excited
state and thus enhancing the UC emission. Moreover, a cross-
relaxat[on (CR) mechan[sm in Er ions existing in the 41y 2
state, 111/2 + 111/2 - 115/2 + F7/2, may also OCCll[' [24] In
a similar way, exc1ted Er>* ions existing in the Iy /2 non-
radiative transmon t0 415 /2 and absorb a second 980 nm photon
to reach the *F, /2 state Addmonally, Er** jons undergo a non-
radiative transition to “F, /2 from S, /2 and ultimately produce
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Fig. 4. Energy-level diagram of the UC emissions for the
Er?*-Yb?* co-doped tellurite glass under 980 nm laser excitation.
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the red emission at 660 nm. It is possible to achieve temperature
sensing by monitoring the temperature-dependent green UC
emission 1nten51ty due to the close cnergy separation between
’Hy, /2 and 4S; /27 which allows the 2H ; /2 level to be thermally
populated by the 4S5, level which results in variation in the
transitions of 2 Hiin — 115/2 and 83/2 - 115/2 of Er*
the presence of a temperature change. The FIR of the green
UC emissions at 528 nm and 549 nm is described by Eq. (1):

FIR = Isﬁ = N(24H11/2) = 8H9HOH ex {_ E]
L9 N(S32)  gs0505 kT
AE
=C exp[ } (1)
lepT

where N, g, 0, and w, are the number of ions, degeneracy of
each level, emission cross section, and angular frequency of
the ﬂuorescence transitions from the 2Hj, /2 and 4S; /2 levels to
the ;5 /2 level, respectively. AE is the energy gap between the

’Hy, 2 and S, /2 levels, & is the Boltzmann constant, and 7 is
the absolute temperature. The pre-exponential constant is given
as g0y /2s0sws. S, the absolute thermal sensitivity, is used
to evaluate the performance of temperature sensing based on the
FIR technique and calculated as Eq. (2) [25]:

dR AE
§=" FIR<kBT2) )

The experimental setup used for temperature-sensing testing is
shown in Fig. 5. Pump light was provided from a 980 nm laser
diode (MCSPL-980, MC Fiber Optics, China) that was trans-
mitted via the MMF to the three cores suspended on the inner
wall of the STCHF to couple into the microsphere and
absorbed by the Er*™ and Yb*>* to emit the strong green light
output. An optical probe of the miniature spectrometer
(USB4000, Ocean Optics, China) was fixed above the micro-
sphere to detect the UC fluorescence of the microsphere, and
the emission spectrum was obtained by processing the collected
signals using computer software provided with the instrument
(Ocean View). The fiber structure was placed in a grooved tem-
perature-controlled console to uniformly heat the fiber.

The UC luminescence of the microsphere was initially mea-
sured at different pump powers at room temperature, and the
result is shown in Fig. 6. Unfortunately, there exists a little
higher loss of the pump light entering the STHCEF via the
MMEF than in the case of a traditional taper-fiber-coupling
microsphere structure, and the sensitivity of the detector is
not high, so that little UC luminescence of the microspheres
was detected until the input power reached 50 mW. The
change of the green light emission intensity of the microspheres
as a function of temperature was also measured, and the results

PC Miniature spectrometer

=

Detector

Temperature console

Fig. 5. Experimental setup used for temperature-sensing testing.
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Fig. 7. (a) Linear fit of UC luminescence intensity ratio; (b) UC

luminescence spectra of the microsphere at different temperatures.

are shown in Fig. 7. During the measurement process, the laser
was not turned on all the time. After each temperature mea-
surement step, the laser was turned off until measuring the next
temperature, so as to avoid the destruction of the UC lumines-
cence caused by the thermal effect of laser irradiation. The ab-
solute sensitivity was calculated according to Eq. (1), and the
maximum sensitivity value was determined as 5.47 x 1073 K!
at 383 K. The sensor offers a competitively higher sensitivity
compared to other temperature-dependent FIR-based sen-
sors [16—18].

A large volume of high-Q-factor (~10%) EPT-Yb3t co-
doped tellurite glass microspheres have been successfully
fabricated using the powder floatation method in a single-batch
process. Furthermore, a specially designed STCHF as part of a
novel fiber structure based on SMF-MMF-STCHEF-MMF-
SMF has been successfully implemented to deliver a robust,
high-intensity green light source, and a microsphere was suc-
cessfully placed inside the hollow fiber. The 980 nm pump light
was coupled from the suspended cores into the microsphere,
and the dopant ions in the microsphere were excited so as
to cause the Er’* ions to undergo energy level transitions,
and thus a strong UC green light emission was emitted. A maxi-
mum temperature sensitivity of 5.47 x 102 K~! was measured
at 383 K, which compares favorably with similar devices refer-
enced in the literature. It is worth noting that by adjusting the
fiber structure to reduce transmission loss and increase the
evanescent field, it is also expected that lasing could be

Vol. 44, No. 13 / 1 July 2019 / Optics Letters 3217

achieved, which offers great application potential for integrated
laser devices.
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