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Abstract. The fabrication process of Thulium-
Yiterbium doped optical fiber comprising different host
glass through the Modified Chemical Vapor Deposition
(MCVD) coupled with solution doping technique is pre-
sented. The material and optical performance of differ-
ent fibers are compared with special emphasis on their
lasing efficiency for 2 um application.
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1. Introduction

Presently, Ytterbium doped high-power fiber laser has
reached the power level in kW range and research is
aiming to enhance the power level further beside in-
creasing long-term stability by optimizing fiber fabri-
cation process (fiber design and host material) with
sophisticated instrumentation. Thulium (Tm) doped
fiber laser is another important research topic due to
their potential application in the eye-safe 2 pm region
that have significant potential for a variety of medical
and biosensor applications [3], [], [5]. Tm ion in silica
glass matrix exhibits several energy levels and among
several possible transitions 3F4 to HO transition is the
most important for near infra-red (NIR) application
which can be achieved through excitation at around
0.8 um, 1.2 um and 1.6 um. In order to use available
laser diode for pumping purpose, co-doping of Ytter-
bium (Yb) in Tm-fiber is well known. Accordingly,
doping of Thulium-Ytterbium in an appropriate glass
host enables to explore the possibility of pumping over
the wavelength region from 0.91 to 0.98 pum for emis-
sion in the range of 2 um. However, proper selection
of host glass composition which alters glass phonon en-
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ergy and tunes the spectral properties are essential to
improve fiber performance for practical application.

The sensitization of Tm3*+ by Yb3t was studied pri-
marily in low phonon energy glass/fiber like tellurite
glass, germanate glass, phosphate glass, fluoride glass,
etc. due to their high quantum efficiency [6], [7]. How-
ever, considering stability of the silica glass and ex-
isting telecommunication system; modified silica host
is more suitable and literatures are available dealing
with amplification in the first telecommunication win-
dow around 0.8 um [g], fiber amplifiers for S-band [9],
[10], [11], and fiber laser at 2 um [I1], [12], [13]. In Tm-
Yb doped silica glass, the quasi-resonant energy levels
of Tm** with the excited Yb*T level ?F5 5 allow mul-
tistep Yb3T — Tm3T energy transfer controlling the
emission in the three major wavelength bands center-
ing at 475, 800 and 2000 nm. Due to the non-resonant
energy transfer, the possibility of the Tm3* — Yb3+
back-transfer is very low. However, proper selection
of host glass composition, optimum dopant concentra-
tion, and appropriate Yb/Tm ratio are of paramount
importance to achieve good lasing performance at NIR
zone. However, as per our knowledge comparative
study related to the effect of host glass composition
suitable for NIR application is not described anywhere.

The present investigation is based on the above back-
ground and deals with the optimized fabrication pa-
rameters for Tm-Yb doped optical fiber (TY) based
on different host glass compositions followed by their
optical and material characterization results. The las-
ing performance of fiber samples and lifetimes are also
compared, and possible reason of the observed result is
presented.

2.  Experimental

Tm-Yb doped optical fiber preform was fabricated
through conventional modified chemical vapor depo-
sition (MCVD) process [14], coupled with the solution
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doping technique [I5]. In order to compare fiber of dif-
ferent glass host, one need to have a set of constant
fiber parameters namely numerical aperture (NA) and
core diameter (necessary to match fiber cut-off value),
Tm/Yb concentration level and their ratio which con-
trol the laser performance in final fiber. The fiber
fabrication process comprises two main steps, namely
preform fabrication and fiber drawing. The preform
fabrication process starts with the deposition of the
cladding layer composed of pure silica and the core
layer containing silica soot doped with GeOy or P205
formed due to oxidation of reactant halide precursors
(SiCly, GeCly, POCI3) at appropriate temperature in
presence of oxygen when heated externally by an oxy-
hydrogen burner traversing along the tube length. The
soot deposition temperature for the core layer deposi-
tion was precisely selected in order to achieve a uni-
form porous structure with good adhesion to the glass
surface. The porous layer was then impregnated in
an aqueous solution comprising different dopant ions,
namely Tm, Yb and Al followed by subsequent process-
ing to obtain a solid rod called the “perform”. Acry-
late polymer coated fiber, with bare fiber dimension
of 125 + 0.5 pm, was drawn from the fabricated pre-
form in fiber drawing tower. The uniformity of refrac-
tive index profile (RIP) along the horizontal and the
vertical direction of fabricated preform was measured
using a preform analyser (PK2600, Photon Kinetics,
USA) and fiber RIP using a NR-9200 fiber analyser
(EXFO, Canada). The scanning electron microscope
(SEM, LEO-s430-1) and high-resolution optical micro-
scope (Olympus BX51) were used to investigate the
characteristics of porous soot layers and to study the
core-clad boundary nature. The distribution profiles of
different dopants ions in the preform core were deter-
mined through electron probe microanalysis (EPMA)
using a polished preform section of thickness 1.5 mm in
an interval of 5 pm. The detail fabrication process can
be found in previously published article [I6]. The op-
timization of different fabrication parameters namely
deposition of porous soot layer and solution impregna-
tion are discussed in the following two paragraphs.

To examine the effect of host glass composition on
the final fiber performance, preforms were fabricated
selecting three different glass composition namely alu-
minosilicate glass (~4.5wt % AlyO3), aluminogermano
silicate glass (~1wt % Al;O3 and 14wt % GeOs) and
alumino-phospho silicate glass (~4wt % Al,O3 and
8wt % P20s5). Appreciable amount of Al-doping in
each host glass was to ensure enhanced RE solubility
[I7] and to prevent unwanted clustering of RE ions.
Since the porosity and the pore size distribution are
two important parameters controlling dopant incorpo-
ration level and their overall distribution in the preform
core; deposition temperature needs precise optimiza-
tion. Accordingly, a series of preform runs were carried
out with different host glass composition based on our
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selected vapor phase composition. The optimum depo-
sition temperature for pure silica soot, GeOy - doped
silica soot and P5Og - doped silica soot, are found to be
in the range of 1560 + 10 °C, 1290 £ 10 °C and 1100
4+ 10 °C respectively. The variation in the optimum
deposition temperature for different host glass compo-
sition is a consequence of reduction in the silica glass
viscosity with addition of dopants (GeOy and P5Os)
and leads to partial sintering of the deposited soot layer
[16]. During the deposition temperature optimization,
precaution was taken to achieve good adhesion strength
between the soot and glass surface to avoid peeling off
the deposited soot layer during the solution impregna-
tion stage. If the soot deposition temperature is higher
than the optimum temperature, excess sintering of the
soot, layer will result in reduced dopant incorporation
level with non-uniform dopant ion distribution, while
at lower deposition temperature the soot layer peels
off from the glass surface during solution impregnation
stage. Other fabrication parameters namely tube ro-
tation (80 rpm), burner traverse speed (125 mm/min)
and bubbler temperature (25 °C) were kept fixed in
different experiments.

Since the solution composition directly controls
dopant incorporation level and solution viscosity, op-
timization of the solution composition was necessary
which was achieved through varying concentration
of AlCl3, 6H20 (99.9996 %, Alfa Aesar, Germany),
TmCls, 6H20 (99.99 %, Alfa Aesar, Germany) and
YbCls, 6H20 (99.99 %, Alfa Aesar, Germany) in differ-
ent preform runs. Finally, to achieve Tm concentration
in the range of 0.01-0.4 mol % with Yb to Tm ratio
in the range of 1-2, the concentration of YbCl;s salt
was varied from 0.0075 to 0.15 M while for TmCl3 the
variation was from 0.008 to 0.04 M. The concentration
of Al-salts was altered in the ranges of 0.3 to 1.25 M in
different preform runs to maintain solution viscosities
within 6-7 c¢P and to avoid Al-rich phase-separation
during subsequent processing. Additionally, to achieve
similar NA and fixed Yb to Tm ratio; the dipping
period was adjusted in different preform runs within
30 to 60 minutes. Further, oxidation and dehydration
condition was optimized to minimize the evaporation
of dopant ions prior to sintering stage. We observed
that, the dehydration temperature above 850 °C leads
to evolution of strong red vapors and results in reduc-
tion of ~80 ppm Tm-ions and accordingly the dehydra-
tion was carried out at around 800 °C. Our observation
indicates that, beside dehydration temperature, dehy-
dration time is also critical and need optimization to
minimize the OH level to the maximum extent in or-
der to avoid overlapping of Tm>* ions absorption with
OH absorption peak around 1.8 pm. The sintering
of the soot layer was performed in a stepwise manner
by increasing the burner temperature in an interval of
100 °C from 1000 to 1800 °C to prevent the phase sepa-
ration and clustering of dopant ions within the preform
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core region. To avoid the formation of the central dip
in GeOs-doped preform, “over doping” technique was
adopted while collapsing by flowing measured quantity
of GeCly.

Different properties such as absorption, emission
cross-sections, lifetimes are important parameters to
assess the laser and amplifier performance of a fiber and
accordingly were evaluated prior to testing the lasing
performance. The spectral attenuation measurement
based on conventional cutback method was performed
in Bentham set-up (UK made) to determine the at-
tenuation of the fabricated fiber within the wavelength
range of 350 to 2100 nm. The Ground State Absorp-
tion (GSA) was calculated using spectral attenuation
data and the emission cross-section was evaluated em-
ploying McCumber equation [I] for different fabricated
fibers. The Tm3* and Yb3*t concentrations were ad-
ditionally determined from the 785 nm (*Hg — 3Hy)
and 975 nm (2F7/2 — 2F5/2) absorption peaks respec-
tively and the values obtained were found to be in good
agreement with the EPMA analysis.

The fiber performance such as saturated amplified
spontaneous emission (ASE) spectrum around 2000 nm
was measured by pumping the fabricated fiber at
980 nm when Yb?* emission at 1060 nm helps in Tm?3*
ions excitation to achieve pump saturation. The laser
cavity was formed using an optimized length of TY
fiber spliced with two FBGs at 1874 nm with reflec-
tivities of 98 % and 38 %. A 980 nm laser diode
possessing a maximum power of 480 mW was used as
a pump source to obtain the maximum laser output
power around 1599.05 nm [I3]. During this experi-
ment, an Er** doped fiber laser at ~1600 nm (devel-
oped by using 1.5 m of Er®t doped fiber with Er3*
concentration ~5000 ppm) placed between two FBGs
centered at 1599 nm with reflectivities of 99.4 % and
27.6 % was used as an auxiliary pump source, unidi-
rectional with the 980 nm laser diode to excite the TY
laser resonator. The power of the auxiliary pump at
~1600 nm was fixed at a minimum level to prevent the
lasing at 1874 nm to utilize the 1600 nm pump only to
excite the Tm3* and not for power scaling.

3. Results & Discussion

Fabrication details, and fiber properties compared in
this study are presented in Tab. [[I To avoid cross-
relaxation process associated with a high level of Tm-
ion concentration in doped fiber, we selected fiber sam-
ples containing Tm-ions in the range of 300 ppm to
achieve efficient energy transfer from Yb to Tm ions.

RIP of the fabricated preform and the fibers are pre-
sented in Fig.[lajand Fig. Minimized central dip in
RIP is achieved through fine optimization of fabrica-
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Fig. 1b: RIP of TY-2 fiber.

tion parameters otherwise it is a common feature ob-
served in the preform fabricated using the MCVD pro-
cess, due to evaporation of oxide during the collapsing
step specially in the case of GeOz-doped preform /fiber.

The dopant distribution profiles obtained from
EPMA for TY-1, TY-2 and TY-3 are presented in
Fig. Fig. and Fig. [2d which exhibit uniform
dopant distribution along the preform core. The small
perturbation in Tm and Yb ion distribution along the
preform core is common in the solution doping process.
The amounts of incorporated Tm and Yb-ion concen-
tration (in ppm) are almost similar and the ratio of
Tm:Yb is around 1. Comparison of scanning electron
microscopic images for the core-clad interface for the
above three fiber samples revealed that alumino-silicate
based fibers (TY-1) exhibit perfect core-clad interface
while star-like growth is visible in the case of germano-
alumino-silicate fibers (TY-2) as shown in Fig. 2d| and
Fig. 2¢ The reason behind the origin of the core-clad
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boundary problem in case of germano-alumino-silicate
fiber sample is well studied and reported elsewhere [I8].
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Fig. 2a: Tm-Yb distribution profiles in preform core of TY-1.
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Fig. 2c: Tm-Yb distribution profiles in preform core of TY-3.
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10pm

Fig. 2d: Optical microscopic view of core-clad interface of TY-1
fiber.

10pum

Fig. 2e: Optical microscopic view of core-clad interface of TY-2
fiber.

Ground state absorption spectra measured using
conventional cut-back technique is presented in Fig. [3]
which exhibit negligible OH level (> 1 ppm) around
1240 and 1380 nm achieved due to optimized dehy-
dration condition. Different peaks observed in Fig.
are centred at 750 nm ('G4-2Hg), 800 nm (1G4-3Hp),
975 nm (*F7/2-?F55), 1240 nm (*H5-*Hg) and a broad
peak around 1600 nm (*F4-3Hg. The combined GSA
spectra of three fiber samples normalized at 1600 nm
presented in Fig. [4 indicate shifting of the 1600 nm
peak due to change in host composition. The P5Oj5
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Tab. 1: Details of representative preform runs.
RE3T
D Vapor phase Core-Glass Core:Clad NA concentration | Tm/Yb
composition and composition [pm] (£pm) (£ 15 ppm) ratio
deposition temperature Tm Yhb
TY-1 lg(;gef;ofc YAle&fTSﬁ"’OZ 8.5:125 0.16 | 304 | 290 1
Mol % Al503-GeOs-
TY-2 Si02:Ge02=0.86 Si02-Yb203 8.7:125 0.16 | 305 313 1
1270 + 5°C -TmgO2
Mol % A1203—P205—
TY-3 Si02:P205=0.95 SiO2-YboO3- 8.5:125 0.16 309 317 1
1050 £ 5°C Tmz O
doped fiber sample exhibits the red-shift while the 67 — Absorption
GeOy doped fiber exhibits blue shifting. This peak — ~ _ | * — Emission
shifting as a result of the host glass composition was ‘nE
already observed for Tm ions 3H, level and reported N"C_> 4
previously for S-band application [19]. Combined ab- NP
sorption and emission cross-section spectra in the wave- 8 34
length range of 1400-2000 nm is also presented in Fig.[5] g
for TY-2 fiber [13]. 2 7
Le) 1 T,
120 | 0 ; ' ‘ ' ' ' m
14 15 1.6 1.7 1.8 19 20 21
Wavelength (um)
9 . . . .
,E’ Fig. 5: Absorption and emission cross section of TY-2 fiber.
B -
:{ The radiative lifetime of 3F, level for Tm-ions was
J: calculated based on the absorption and the emis-
30 1 sion cross-section peak line-width using Fuchtbauer-
UJ Ladenburg (FL) equation [20]. The result indicates
0 / : \ : . . that the GeOs-doped system exhibits highest lifetime
350 650 950 1250 1550 1850 2150 (7.1 ms) while the P2O5-doped system shows the least
value (3.8 ms) with Al;Os-doped system exhibiting
Wavelength (nm) lifetime equal to 6.4 ms. Accordingly, it can be con-
Fig. 3: Ground state absorption spectra of TY-2 fiber cluded that the probability of achieving the population
t ’ inversion for 3F, level of Tm-ions necessary for the NIR
lasing is easier for TY-2 fiber sample.
. — T The amplified spontaneous emission (ASE) of three
1 ::'Rg fibers were determined by pumping them using a
m 980 nm laser diode and analysis revealed that the
Y 4 \ P505-doped system produced a very weak ASE sig-
£ /5:‘ ; nal (not shown here) whereas the GeOs-doped system
: 0.6 3 exhibited higher and broader ASE signal. The experi-
z /1? ment was conducted both for visible (980 nm) and NIR
z 04 {?‘ (2000 nm) region and the results are found to be sim-
z ilar and presented in Fig. [6a] and Fig. [fb] To validate
$ the obtained ASE result we compared the laser out-
- put power at 1874 nm with 980 and 1600 nm pump
0 ‘ ‘ ‘ ' ' power. The experimental result revealed that both
10015001600 170018001900 2000 200 Py g oapd TY-2 exhibit good laser output power while
Wavelength (nm) TY-3 produced negligible power in the range of mi-

Fig. 4: Comparison of absorption spectra for three fibers at
1600 nm.
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crowatt [not shown in Fig. supporting our previous
result. The combined result for achieved laser output
power against the 980 nm pump powers is presented
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in Fig. [13] and for the 1600 nm pump in Fig.
below.
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Fig. 6a: ASE curve for TY-1 and TY-2 fiber at 980 nm range.
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Fig. Ta: Comparison of laser performance at 980 nm.

All our observed results clearly indicate that both
SiO5 and SiO3-GeOs doped with a suitable amount of
Al;O3 are a better host compared to SiO2-P5O5 doped
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Fig. 7b: Comparison of laser performance at 1600 nm.

with Al,O3 under present investigation. The observa-
tion can be explained on the basis of phonon energy
of the glass host under the investigation. Since, addi-
tion of dopants in pure silica alters the phonon energy
of the glass; variations in the spectroscopic properties
like lifetime and lasing performance are expected. Ad-
dition of phosphorous oxide in the silica glass enhances
the phonon energy up to 1300 cm~! and introduces
high energy P=0O bond which attracts more Tm ions
towards itself and can lead to clustering of the Tm-
ions. This problem is associated with the higher prob-
ability of non-radiative decay, non-homogeneous spec-
tral broadening, reduced lasing performance and the
quantum efficiency as evident from our result. On the
contrary, GeOs and Al;O3 doping reduces the local
phonon energy of the silica glass and consequently in-
crease the 3F, level life result in time of the Tm3t
ion with additional benefit of achieving more homo-
geneous spectral broadening compared to the P5Os5-
doped glass. Between, TY-1 and TY-2, more signif-
icant change is expected in case of TY-1 and can be
explained as follows. Ge is a four-coordinated net-
work former and does not significantly alter the tetra-
hedral structure of the silica network. Additionally,
the maximum phonon energy of the Ge-Si glass is
about 1050 cm~! which is close to pure silica [19] and
thus has higher RE-clustering probability compared to
Aly,03 doped glass system with the glass phonon en-

ergy around 800 cm ™.

The observation that alumino-germano-silicate (T'Y-
2) host provides better lasing and energy transfer per-
formance compared to the alumino-silicate host fiber
(TY-1) can be explained as follows. The GeOz-doped
glass sample contains a significant amount of Al;Og,
however, the absolute Al-concentration is lower than
that of TY-1. Although, in general Al doping expect to
exhibits improved performance by increasing the life-
time (up to 3 times for 3F4 and Hy levels of Tm3*)
and thus the radiative transition of Tm3* [2], but with
the enhancement of the 3F, level lifetime, there is also
significant enhancement in the 3Hy lifetime. As per
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our proposed configuration [13], a long 3Hy lifetime
will trigger the three-step energy transfer from 3H, to
1G,. This will result in more enhanced blue emission
(1G4 to 3Hg) and the radiative transition from 3H,
to 3Hg, results in red emission. Accordingly, the en-
ergy transfer of the 3F, level from the 3F5 level via the
non-radiative transition of the 3H, level will reduce sig-
nificantly. Since, the laser output in the NIR depends
strongly on the population of the 3Fy level, fiber TY-2
provides better laser output compared to TY-1.

4. Conclusion

The optimized fabrication of Tm-Yb doped fiber based
on different host glass compositions namely pure silica,
GeOs-doped silica and P2Os-doped silica doped with
Al;O3 has been described in detail, suitable for NIR
application. Experimental result established that the
GeOs-doped silica containing the appropriate amount
of Al;O3 exhibits best lasing performance in 2 pm re-
gion, while the P2O5-doped fiber does not exhibit any
lasing performance at all. The observed result has been
explained on the basis of the glass host composition
based on their phonon energy. Further, improvement
in the lasing performance can be achieved through fine
tuning of the host glass composition by selection of
suitable dopants to implement this fiber in 2 um re-
gions for sensing application.
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