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Gain and laser performance of heavily Er-doped silica fiber
fabricated by MCVD combined with the sol-gel method
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In this work, a heavily Er-doped fiber with an 8 pm core diameter and a numerical aperture of 0.13 was prepared by the
modified chemical vapor deposition (MCVD) technique combined with the sol-gel method. The background loss and absorp-
tion coefficient at 1530 nm were measured to be 20 dB/km and 128 dB/m, respectively. Thanks to the sol-gel method, the
fiber showed a good doping homogeneity, which was confirmed through unsaturable absorption measurement. The net
gains of three 25, 45, and 75-cm-long fibers were measured in the range of 1520 to 1600 nm, and the highest gain reached
above 23 dB at both 1530 and 1560 nm in 25 and 75-cm-long fibers, respectively. The short-cavity laser performance was
measured using centimeter-scale fibers. The maximum output power of 12 mW was demonstrated in a 6.5-cm-long active
fiber with a slope efficiency of 20.4%. Overall, the prepared heavily Er-doped silica fiber is a promising item to be applied in a

high-repetition-rate or single-frequency fiber laser.
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1. Introduction

Since the 90s, Er-doped fiber amplifiers (EDFAs) play an impor-
tant role in modern optical telecommunications. Besides this, in
recent years, high-repetition-rate (HRR) or single-frequency
(SF) Er-doped fiber lasers (EDFLs) are widely applied in some
specific fields, owing to their eye safety and high atmospheric
transmission, such as remote sensing, LIDAR, and gravitational
wave detection' "'l A short-length laser cavity can not only
suppress nonlinear effect, but also increase the repetition rate
and longitudinal mode spacing!'>'®\. Therefore, enhancing
Er’*" ions doping concentration in Er-doped fibers (EDFs) to
shorten the active fiber length is demanded for HRR and SF fiber
lasers.

However, for silica-based EDFs manufactured by modified
chemical vapor deposition (MCVD), the doping concentration
is limited by Er** ion clusters induced quenching (CIQ), which
is detrimental to emission properties'’’ 2%\, Codoping with the
“network modifiers” (such as AlI** or P>*) was demonstrated to
be an efficient and feasible approach to adapt the rigid network
in silica and enhance the solubility of Er ions!'”*"**, However,
the very high Al content is unfavorable to the single-mode
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operation and is also difficult to be obtained in an MCVD pre-
pared fiber. Thus, the concentration of Er ions in silica fiber per-
formed by MCVD is still typically lower than ~0.5% (mass
fraction).

Several researchers focus on non-silica fibers
Although the high background loss might be ignored in a
short-cavity laser regime, the environmental stability and the
difficulty of splicing limit their application in all-fiber laser
and amplifier schemes. For solving these problems, researchers
combined an Er-doped phosphate core and silica cladding
together'?>?”). The silica cladding can be spliced easily with
other commercial silica fibers and guarantees the mechanical
strength. However, owing to the large differences between core
and cladding glass in transition temperature and thermal expan-
sion coefficient, mutual diffusion between core and cladding is
inevitable. The diffusion of glass leads to not only transversal but
also longitudinal inhomogeneities in the refractive index and
rare earth concentration, which might deteriorate beam quality
and gain performance.

Several fiber manufacturing processes based on the CVD
process have been developed to ensure uniform dispersion of
Er ions, such as surface plasma chemical vapor deposition

[14,15,23-25]
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(SPCVD)!*28! direct nanoparticle deposition (DND) (2] nano-
particle doping (ND)!"), and in-situ nano solution doping[30].
In recent years, our group fabricated a heavily Er-doped silica
fiber without quenching effects using the sol-gel method com-
bined with high-temperature sintering (sol-gel EDF, SG-
EDF)"*). The merit of the sol-gel method is that it can disperse
Er ions effectively to achieve molecular level doping homo-
geneity and thus decrease the severe performance degradation
due to CIQ. However, high background loss is easily caused by
contamination during the high-temperature sintering process.

In this Letter, we introduced an MCVD combined with sol
doping technology to fabricate heavily doping silica fiber.
This fiber fabrication method combines the advantage of low-
loss preparation of MCVD and the sol-gel merit of high doping
homogeneity. Based on this technique, we prepared a heavily Er-
doped silica fiber (MCVD and SG-EDF, MS-EDF). The core
absorption and background loss were measured using the cut-
back method. The unsaturable absorptions of the MS-EDF
and the SG-EDF were measured to estimate the CIQ effect.
Also, gain and short-cavity lasing properties of the MS-EDF
were invested and discussed in all-fiber schemes.

2. Fiber Fabrication

The method of preparing the Er**-doped silica preform is
shown in Fig. 1. Firstly, a porous silica layer was deposited in
a chemically polished silica tube (F300, Heraeus) with SiCl, flow
of 200 mL/min. The temperature of oxy-hydrogen burner is set
to 1500°C to ensure uniform porosity. After pure silica soot dep-
osition, we immersed it in the Er/Al co-doped transparent sol for
1 h of soaking. The sol composition is 0.3Er,O; - 3AL,0; -
96.7Si0, in molar ratio, and the preparation of rare-earth-doped
transparent sol was already described in detail in our previous
works?®?. Subsequently, the soot is dried in a flow of CL,-O,
gas mixture at the temperature of 1000°C to reduce the OH con-
tent of core glass. For the sol doping method, the carbon removal
process is necessary. Therefore, after the sol is drained, the soot
tube continued to be heated to 1200°C in the presence of the
He-O, gas mixture to remove residual carbon. After that, the
porous soot tube was consolidated and collapsed into a
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Fig. 1. Schematic diagram of fiber preform fabrication.
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Fig. 2. (a) Radial refractive index profile. Inset: micrograph of MS-EDF cross
section. (b) Concentrations of A" and Er* in the MS-EDF and SG-EDF from
EPMA measurement.

transparent solid fiber preform by heating it to a temperature
of 2200°C with a moving burner. Finally, the preform was drawn
into fiber at the optimized conditions to guarantee high
mechanical strength.

Figure 2(a) shows the radial refractive index profile (RIP)
measured by an optical fiber analyzer (IFA-100). It is shown that
there is no central dip in the RIP, and the refractive index fluc-
tuation is lower than 3 X 107%. The refractive index difference
with respect to the pure silica glass is about 5.5 X 10~ thanks
to the sol-gel method decreasing the Al content. The corre-
sponding numerical aperture (NA) is 0.13, which can achieve
single-mode operation with an ~8 pm core diameter for appli-
cation at 1.5 pm. The concentration distribution of AI** and
Er’* in both MS-EDF and SG-EDF measured by an electron
probe micro analyzer (EPMA, JEOL, JXA-8230) is shown in
Fig. 2(b). For the SG-EDF, the concentrations of Er*™ and
AP" in the core glass rod were measured to be 16,200 ppm
(parts per million) and 25,200 ppm through inductively coupled
plasma optical emission spectrometry (ICP-OES, radial-view
Thermo iCAP 6300), respectively. The concentrations of Er**
and APP* in the MS-EDF core are a little bit lower than that
in the SG-EDF and thus are estimated to be 15,000 ppm (by
weight) and 24,000 ppm (by weight), respectively. The dilution
effect of doping into silica soot may be responsible for the rel-
atively low concentration.

The core background loss and absorption spectra were mea-
sured with a white light source and an optical spectrum analyzer
(OSA) by the cut-back method. In Fig. 3(a), we plotted the back-
ground loss spectra of the heavily EDF. The background loss is
about 20 dB/km at 1100 nm, which is much lower than the
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Fig. 3. (a) Background loss and (b) absorption of the MS-EDF.
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200 dB/km of the SG-EDF reported in Ref. [21], owing to the
low-loss MCVD fabrication process. The core absorption spec-
trum was measured using a short fiber, and the result was plotted
in Fig. 3(b). The core absorption coefficients of the MS-EDF at
980 nm and 1530 nm were about 65 dB/m and 128 dB/m,
respectively.

3. Experiments and Results

The lifetime of the metastable level in the clustered Er** ions is
several orders of magnitude shorter (50 ns-10 ps) than that in
isolated Er** ions, which is due to so-called CIQ!?**?!. The sim-
plified energy levels of the isolated Er** ions and the clustered
Er’" ions are shown in Fig. 4(a). After absorbing pump power,
Er’t ions are activated into the upper level I, /2 and transmit-
ted to the sublevel *I;5 , rapidly. For isolated Er’* ions, because
it takes time to relax back to the ground state, the number of ions
in the ground state could not be replenished in time, and then
the absorption is saturated. But, for the clustered ions, the
quenching effect leads to the relaxation of the excited clusters
being so fast that they are difficult to be excited, and most of
them remain in the ground state absorbing pump power 2],
Thus, the absorption of the clustered Er** ions is unsaturable,
even if the pump power is very large. Therefore, in many papers,
the proportion of the clustered ions in EDFs was estimated
through unsaturable absorption measurement!'®2%2%],

The unsaturable absorptions of the MS-EDF and the SG-EDF
at 976 nm are shown in Fig. 4(b). The lengths of two fibers were
chosen for providing the same absorption of pump power at
976 nm, and it can be seen in Fig. 4(b) that the maximum small-
signal absorptions of two fibers are both about 22 dB. With the
input laser power increasing, the absorption was decreased

(2)

4
IHZ

=
=
~

o
b3

—e—25cm SG-EDF
—=—32cm MS-EDF

o
S

4
L3

980nm Emission “CIQ”
Pumping lifetime lifetime
<

54.9%

43.2%

Absorption@976nm (dB)
2 5

5
Lisz [ ) =%

Isolated Er**ions Er**-Er®" ions pair

«

0 50 100 150 200
Input Power (mW)

(©)

+ SG-EDF
« MS-EDF

Lifetime: ~10 ms

Normalized voltage (a.u.)
e,

N

0 5 1“] 15 20
Time (ms)

Fig. 4. (a) Simplified energy level diagram of isolated Er** ions and Er**-Er®*
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rapidly and became stable gradually. The stable value is called
unsaturable absorption, and the unsaturable absorption fraction
is the ratio of unsaturable absorption to the maximum absorp-
tion. This part of absorbed pump power cannot transfer to laser
power, and thus it can be considered as “excess background loss”
to a certain extent. When the injected pump power is 199 mW,
the absorption of the MS-EDF is 9.3 dB, thus the unsaturable
absorption fraction is ~43.2%. However, for the SG-EDF, the
unsaturable absorption fraction is 54.9%. The reason why the
unsaturable absorption fraction of the MS-EDF is smaller than
that of the SG-EDF can be attributed to the doping concentra-
tion difference, which can also be found from the EPMA results
and absorption coefficient.

We also measured the fluorescence decay of the *1;5 /2 energy
level in the MS-EDF and the SG-EDF, which was core pumped
using a pulsed 980 nm laser. The decay curve was recorded using
an InGaAs photon detector (DET20C2, Thorlabs) and an
oscilloscope (DSOX6002A, Keysight). It is seen from Fig. 4(c)
that the lifetime of the two fibers is around 10 ms, showing
no obvious lifetime shortening. Therefore, from the results of
unsaturable absorptions and fluorescence decay measurements,
the MS-EDF has a high doping homogeneity without concentra-
tion quenching.

As is shown in Fig. 5(a), the gain properties of the MS-EDF
were evaluated with an all-fiber EDFA setup. The EDFA was
seeded by a tunable light source (TSL) operated in the C + L
band. An optical isolator (ISO) was placed after the seed source
to protect the TSL from backward propagating light. The signal
optical power injected into the EDFA was fixed to be —30 dBm
through adjusting the seed power. The EDF was core pumped
by a single-mode 976 nm laser diode (LD) in a forward
pumping configuration via a 980/1550 nm wavelength division
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Fig. 5. (a) Schematic of EDFA experiment. (b) Dependence of the gain and NF
of the MS-EDF on the wavelength with different fiber lengths.
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multiplexer (WDM). After the active fiber, another WDM was
used to split the amplified signal and residual pump light. The
spectra of the input signal and the amplified signal were mea-
sured with an OSA to calculate the gain and the noise figure
(NF). In the measurement, the insert loss and propagation loss
of the whole device have been taken into account.

Figure 5(b) shows the signal gain and NF from 1520 to
1600 nm under 500 mW launched pump power and —30 dBm
input signal power for three different fiber lengths of 75, 45, and
25 cm. The step size of the wavelength was 10 nm. The NF of the
MS-EDF at all measured wavelengths is less than 6 dB, showing
an excellent noise performance. It can be seen that the gain peak
wavelength of the shorter fiber is located at 1530 nm, and the
maximum gain red shifted to 1560 nm with longer fiber. The
small-signal gain at 1530 nm was ~0.5 dB/cm obtained in both
25 and 45-cm-long MS-EDFs. The maximum gain up to 23.6 dB
with an NF of 4.4 dB was obtained by the 75-cm-long MS-EDF
at 1560 nm.

The short-cavity laser performance was investigated, employ-
ing a short linear cavity scheme as in Fig. 6(a). A laser cavity was
formed by a pair of fiber Bragg gratings (FBGs) fabricated in a
standard 1.5 pm single-mode fiber (SMF-28e, Corning). The
reflectivity of the low-reflectivity (LR) FBG is ~50%, which is
centered at 1533.66 nm with a 3 dB bandwidth of 0.15 nm.
The high-reflectivity (HR) FBG is centered at 1533.65 nm with
a 3 dB bandwidth of 0.45 nm, and its reflectivity is above 99%. A
backward pumping configuration was applied this time to easily
split the laser power and residual pump power via a WDM. An
ISO was spliced to the 1550 nm end of the WDM to block the
backward propagating light. The laser power and residual pump
power were recorded by two optical power meters, respectively,
and the laser spectrum was measured using an OSA.

The dependence of laser output power on absorbed pump
power for five different fiber lengths (3.7, 5.0, 5.7, 6.5, and
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Fig. 6. (a) Schematic of short-cavity laser experiment. (b) Dependence of
laser output power on absorption pump power for different fiber length.
(c) Laser spectra of 3.7 and 1.8-cm-long fibers. Inset: the enlarged and nor-
malized spectrum (left) and the picture of the laser cavity (right) using the 3.7-
cm-long MS-EDF.
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8.0 cm) is illustrated in Fig. 6(b). With the increased fiber length,
the slope efficiency initially increases from 13.6% to 20.4%, then
decreases from 20.4% to 13.6%. The highest slope efficiency of
20.4% and output power of 11.9 mW were obtained in a 6.5-cm-
long MS-EDF under 81 mW absorbed pump power. The slope
efficiency of 20.4% is higher than the value reported for SG-EDF
(12%, in Ref. [31]), and it can be attributed to lower back-
ground loss.

For alonger fiber, the signal power was reabsorbed by an extra
active fiber, which results in lower laser efficiency. For a shorter
length fiber, it is very difficult to absorb enough pump power
and provide enough gain, resulting a larger threshold and lower
slope efficiency. The output spectra of a 3.7 cmand a 1.8 cm MS-
EDF are shown in Fig. 6(c), and the left inset is the enlarged and
normalized laser spectrum, which was measured at a resolution
of 0.02 nm. The laser spectrum of the 3.7 cm MS-EDF was cen-
tered at 1533.7 nm with a 0.014 nm spectrum linewidth full
width at half-maximum (FWHM), and it shows great optical
signal-to-noise ratio (OSNR) performance. Meanwhile, it can
be noted that the 1.8-cm-long MS-EDF could not achieve effec-
tive lasing due to insufficient gain, although we maximized the
pump power.

4. Conclusion

In this Letter, we proposed a technique to fabricate heavily EDFs
combining commercial MCVD with the sol-gel method. The
proposed technique can achieve a uniform dispersion of Er ions
in a silica matrix, and the clustered Er** ion fraction was esti-
mated by unsaturable absorption measurement. The peak
absorption coefficient is ~128dB/m at 1530 nm. The back-
ground loss of the MS-EDF is measured to be ~20dB/km at
1100 nm and compatible to commercial EDFs. The net gain
coefficient of the MS-EDF can reach 23 dB at both 1530 and
1560 nm through adjusting the fiber length. Thanks to the
low background loss and unsaturable absorption, our MS-
EDF shows great laser performance. The maximum average
power of 12 mW and slope efficiency of 20.4% were successfully
obtained in a 6.5-cm-long MS-EDF. At a fiber length of 3.7 cm,
an effective lasing was obtained with an OSNR up to 45 dB and
an FWHM of 0.014 nm. We believe our MS-EDF can be a prom-
ising candidate for HRR and SF fiber lasers. At the same time,
the new fiber fabrication technique can also be applied to other
rare-earth fibers, such as ytterbium and thulium.
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