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1. Introduction

With the development of dense wavelength division multiplex-
ing technology, the transmission capacity of the communication
system has been increasingly expanded. Compared with the tra-
ditional C-band erbium-doped fiber (EDF) amplifier?, the L-
band EDF amplifier can significantly broaden the original gain
bandwidth and improve the channel capacity®*). In recent time,
the L-band multiplexing technology and devices have tremen-
dously aroused researchers’ interest because of their potential
applications in optical signal processing and optical fiber com-
munication™®), including the study of the fiber laser”’.
Moreover, the fiber laser has many merits of low loss, flexible
wavelength tuning, high optical signal-to-noise ratio (OSNR),
and narrow bandwidth!®'"!, which has driven several applica-
tions in optical fiber sensingm], optical communication!"*!, bio-
medicine!'*), and accurate measurement'*!. In 2001, Fujimoto
et al. reported bandwidth luminescence properties of Bi-doped
silica materials'"®. Bi-doped materials have realized ultra-wide-
band near infrared, covering the whole low-loss window in the
wavelength range of 900-1800 nm"”! and become one of the
most promising active media in this wide band. Er-doped mate-
rials are considered as the most widely used gain light-emitting
media'"®!, and co-doping Bi is expected to improve the luminous
efficiency and overcome the inherent limitation of the gain
bandwidth of the EDF amplifier. Also, Er-doped or Bi/Er co-
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We fabricate a high-performance Bi/Er/La co-doped silica fiber with a fluorescence intensity of —33.8 dBm and a gain
coefficient of 1.9 dB/m. With the utilization of the fiber as a gain medium, a linear-cavity fiber laser has been constructed,
which exhibits a signal-to-noise ratio of 74.9 dB at 1596 nm. It has been demonstrated that the fiber laser has a maximum
output power of 107.4 mW, a slope efficiency of up to 17.0%, and a linewidth of less than 0.02 nm. Moreover, an all-fiber single-
stage optical amplifier is built up for laser amplification, by which the amplified laser power is up to 410.0 mW with pump
efficiency of 33.8%. The results indicate that the laser is capable of high signal-to-noise ratio and narrow linewidth,
with potential applications for optical fiber sensing, biomedicine, precision measurement, and the pump source of the

Keywords: Bi/Er/La co-doped silica fiber: high signal-to-noise ratio laser; narrow linewidth.

doped fiber can be used for in-fiber laser systems to achieve
L-band lasers'"*~2"]. However, these lasers basically have poor
anti-noise performance and low output power. Thus, in order
to adapt to high-speed and large-capacity optical communica-
tion systems, a novel co-doped fiber operating at the L-band
needs to be developed to realize L-band lasers with the admirable
characteristics of low noise and narrow linewidth.

In this paper, we fabricate a Bi/Er/La co-doped silica fiber
(BELDF), use it as a gain medium to establish a linear-cavity
laser system, and study its laser performances. Furthermore,
we build an optical amplifier system based on the laser as a signal
light source and explore the amplification performances.

2. Fabrication and Properties of the Fibers

The BELDF is fabricated by modified chemical vapor deposition
(MCVD) method combined with atomic layer deposition (ALD)
technology'??!. Firstly, based on the ALD doping technology, the
precursors of Bi, Er, La, and Al ions are introduced into a sub-
strate tube and chemically react with deionized water to produce
the corresponding oxides of these ions. Secondly, these oxides
are deposited alternately and multi-layered to control the con-
centration of doped ions. Thirdly, it is shrunk into a solid doped
preform by the MCVD method at high temperature. Finally, the
preform is drawn to the BELDF.
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In order to evaluate the content of elements in the home-
made BELDF, the elemental composition is tested across the
cross section of fiber by an electron probe micro-analyzer
(EPMA-8050G, Shimadzu, Japan). The doping concentrations
(atomic fractions) of Bi, Er, La, and Al atoms are 0.007%,
0.016%, 0.002%, and 0.412%, respectively. For the EDF, doping
Al ions can make the fluorescence spectrum smoother and
increase the bandwidth!?***, doping La ions can avoid the clus-
ter effect of Er ions, thus inhibiting the concentration quenching
and improving the pumping efficiency!*”), and doping Bi ions
can increase the pump absorption efficiency of Er ions?®),
Figure 1(a) shows the refractive index distribution and cross-
section image of the BELDF. The core and cladding diameters
are 8.7 pm and 125.0 pm, respectively. The refractive index dif-
ference between the core and cladding layer is approximately
0.0040. Figure 1(b) shows the absorption spectrum of the
BELDF, in which four typical absorption peaks of the Er ion
exist at 653 nm, 796 nm, 978 nm, and 1529 nm, respectively.
Those absorptions correspond to *I;5/, = *Fg5, *Ig/2, 1112,
and “I;3/,. Especially, the absorption coefficient can reach
10.0 dB/m at 978 nm, which can ensure that the pump power
is utilized effectively. According to the absorption spectrum,
the estimated background loss is approximately 0.007 dB/m.
In addition, the absorption bands of 800 nm, 1000 nm, and
1530 nm are broadened compared to the commercial EDF, indi-
cating that there may be energy transfer between Bi ions and Er
ions, which can improve the absorption efficiency of the BELDF,
and Bi ions, and their surrounding Al ions, Si ions, and Ge ions
can form luminescent centers to expand the bandwidth'*’ %! La
ions can improve the dispersion of Er ions, reduce the ‘cluster
effect’ of Er ions, and increase the luminous efficiency of Er ions.
The interaction of La ions and Al ions can increase the energy
level splitting of Er ions and expand the fluorescent bandwidth.
Furthermore, the excitation-emission spectra and fluorescence
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Fig. 1. (a) Refractive index distribution and the cross-sectional image (inset),
(b) absorption spectrum, (c] excitation-emission spectra, and (d) fluorescence
decay curves of the BELDF.
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Fig. 2. (a) Fluorescence spectrum pumped by 980 nm laser and (b) the gain
coefficient at different signal light powers as a function of pump power of the
BELDF.

decay curve of the BELDF are measured using a fluorescence
spectrophotometer (Edinburgh FLS-980, England), as shown
in Figs. 1(c) and 1(d), respectively. As shown in Fig. 1(c), the
three emission spectra excited at 1127 nm, 1234 nm, and
1534 nm present excitation peaks at 980 nm. In contrast, the
emission peaks excited at 980 nm present broadband peaks at
1127 nm and 1234 nm. Especially, the excitation and emission
peaks located at 980 nm and 1534 nm could originate from the
electronic transitions between the I, /2 and 15 /2 energy levels
of Er ions, and the emission peaks located at 1127 nm and
1234 nm can be attributed to the electronic transitions between
3P, and *P,, of the Bi ion and the fluorescence lifetime of Er to the
doping of Bi ions'").

In order to explore the luminescence and gain characteristics,
the fluorescence spectrum and gain coefficient of the BELDF are
tested, as shown in Figs. 2(a) and 2(b). Note that the maximum
intensity of the fluorescence spectrum is up to —33.8 dBm, and
3 dB bandwidth can reach 50 nm (1560-1610 nm) at the optimal
fiber length of 15 m, indicating a great flatness of the spectrum,
which can be applied for an L-band broad-spectrum light
source®?. Note that the gain coefficients of the BELDF are
1.9 dB/m at the signal light power of —27 dBm. When the signal
power is 0 dBm and the pump power is 252 mW, there is no gain
saturation. When the pump power continues to be increased,
gain saturation will occur, implying a good gain characteristic,
which is a footstone of the fiber laser and amplifier.

3. Laser and Amplification Performances

The linear-cavity fiber laser system is built up, as shown in the
top box of Fig. 3. A 980 nm pumpl with the maximum output
power of 685 mW supplies the sufficient pump power for the
system. A wavelength division multiplexer (WDM) is used to
combine the pump light and reflected light into BELDF1 that
is used as a gain medium. The combination of a fiber Bragg gra-
ting (FBG), whose central wavelength is 1596 nm and reflectivity
is 60%, and a 3 dB coupler forms a lasing cavity. An isolator
(ISO) ensures the one-directional transmission of the signal light
and the stability of the laser output. The output spectra and
power of the laser are measured by an optical spectrum analyzer
(OSA, AQ6370, Yokoga, Japan) with a resolution of 0.02 nm and
a power meter (PM, PM100D, Thorlabs, USA), respectively.
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Fig. 3. Schematic of the 1596 nm fiber laser and optical amplification.

Firstly, the length of BELDF1 is changed in the range of
5-12 m, and the pump power into the BELDF1 at position
‘A’ and the corresponding 1596 nm laser output power at posi-
tion ‘B’ are recorded, as shown in Fig. 4(a). Note that the laser
output powers increase linearly with the increase of the input
pump power, of which the slope efficiencies are 14.6%, 17.0%,
15.8%, 14.5%, and 13.8% with the BELDF1 length of 5, 6, 7,
9, and 12 m, respectively. The slope efficiency and the maximum
output power as functions of the BELDF1 length are also mea-
sured, as shown in Fig. 4(b). As the BELDF1 length increases, the
slope efficiency and maximum output power both exhibit a
trend of increase first and then decrease, during which the opti-
mal length is around 6 m. The main reason is that when the
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Fig. 4. Laser characteristics. (a) Laser output powers as a function of input
pump powers with different lengths of BELDFY, (b) slope efficiency and maxi-
mum output power as functions of the BELDF1 length, (c) output spectra of the
laser with a 6-m-long BELDF1 under maximum output power, (d) laser stability
monitored within 6.5 h, (e) laser stability monitored within 65 min, and () fluc-
tuation of the lasing center wavelength.

BELDF1 is relatively short, the fiber gain is limited, resulting
in correspondingly larger threshold power and lower slope effi-
ciency of the fiber laser. When BELDF1 is relatively long, the
fiber absorption is high, resulting in the loss of optical power.
Therefore, the 6-m-long BELDFI can achieve the gain-loss
matching, under which the slope efficiency and the maximum
output power can reach 17.0% and 107.4 mW, respectively.

Under the optimal length of BELDF1, the laser output
spectrum in the range of 900-1700 nm is recorded, as shown
in Fig. 4(c). One can see no laser peak presence around
980 nm in the spectrum, implying that the pump light at
980 nm is completely converted in BELDFI. In addition, there
is a narrow and strong laser peak observed with a central wave-
length of 1596.15 nm and OSNR of 74.9 dB. The high OSNR
performance mainly benefits from the simple laser configura-
tion and excellent pump with a good side-mode-suppression
ratio. Furthermore, the spectrum in the range of 1596.13-
1596.17 nm is sampled to elucidate the laser characteristics,
as shown in the inset of the Fig. 4(c). Note that the 3 dB linewidth
of the laser peak is approximately 0.02 nm, which satisfies the
narrow-linewidth condition of the fiber laser. Moreover, the out-
put power of the high signal-to-noise ratio laser is continuously
monitored for 6.5 h, as shown in Fig. 4(d). The fluctuation of the
output power is less than 1.5%. At the same time, the wavelength
stability of the 1596 nm fiber laser was continuously monitored
every 5 min over 65 min using an OSA with a resolution of
0.02 nm, as shown in Fig. 4(e). The fluctuation of the lasing
center wavelength was less than 0.01 nm, as shown in Fig. 4(f),
which means that laser output is quite stable.

Table 1 summarizes the property parameters of the reported
L-band fiber lasers. The laser structure and the active fibers’
length are distinguishing, so the obtained lasers have different
properties. Note that our laser has a slope efficiency of 17.0%
and a laser output power of 107.4 mW, which are better than
those parameters of linear-cavity lasers. Also note that the
OSNR and 3 dB linewidth of our laser are over 74.9 dB and less
than 0.02 nm, which are higher than those of any other lasers.
Compared with the lasers reported in the Table 1, our 1596 nm
fiber laser exhibits competitive performances in terms of slope
efficiency, output power, OSNR, and 3 dB linewidth, mainly
due to our home-made BELDF, which is doped with appropriate
concentrations of Bi, Er, La, and Al ions. Bi ions can increase the
pump absorption efficiency of Er ions; Al ions can make the
fluorescence spectrum flatter and increase the bandwidth; La
ions can suppress the concentration quenching phenomenon
of high-concentration Er ions doping.

Subsequently, the 1596 nm laser with maximum output
power is utilized as a signal light, and the optical amplification
system is built up, as shown in the Fig. 3. A 980 nm pump2 with
the maximum output power of 1020 mW provides the pump
power for the amplification system. BELDF2 and BELDF1 are
identical fibers. A 9:1 coupler that can reduce the output power
to prevent it from exceeding the rated power of the OSA is con-
nected to the end of the system. In the experiment, the length of
BELDEF?2 is varied from 5 to 8 m, and the relationship between
the amplified laser output power at position ‘D’ and the input
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Central Wavelength Fiber Length Slope Efficiency Output Power/Input Threshold  OSNR 3 dB Linewidth

(nm) (m) (%) Pump Power (mW) Power (mW) (dB) (nm) Refs.
1595° 8.18 / 5.83/233 / 56 91 (33]
1610 8 ~62 308/5000 / 35 106 (34]
1567° 45 ~337 91/270 / / 0.03 35]
16147 2 ~28 52.4/2500 / ~50 / (36]
1582” 15 135 ~112/100 15 ~50 / [37]
1595° 10 / 9.1/100 234 ~40 / [38]
1596° 6 17.0 107.4/685 ~35 749 < 0.02 This

work

“Ring-cavity laser system.
bLinear»cavity laser system.
pump power at position ‘C’ is recorded at different lengths of 4. Conclusion

BELDEF2, as shown in Fig. 5(a). Note that the amplified laser out-
put powers increase linearly with the increase of the pump
power. Also note that the pump efficiency is 31.5%, 33.8%,
and 32.2% with the BELDF2 length of 5, 6, and 8 m, respectively,
and the corresponding maximum output powers are 381.5,
410.0, and 389.7 mW. Therefore, the optimal length of
BELDEF?2 is around 6 m for laser amplification.

Finally, the spectral characteristics after laser amplification
with the 6-m-long BELDF2 are explored, as shown in Fig. 5(b).
The OSNR of the narrow-linewidth laser after laser amplifica-
tion is 65.0 dB, which has a 10 dB reduction compared with
pre-amplification, mainly resulting from the increase of ampli-
fied spontaneous emission after optical amplification. The spe-
cific laser spectrum ranging from 1596.10 to 1596.14 nm is
recorded, as shown in the inset of Fig. 5(b). The 3 dB linewidth
of the laser peak is still approximately 0.02 nm, and the central
wavelength is located at about 1596.12 nm, which is not signifi-
cantly different from the laser central wavelength before ampli-
fication. The results indicate that the laser performances are
well-maintained after amplification.

Pump efficiency with 8 m:32.2%
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Fig. 5. (a) Amplified laser output power as a function of input pump power
with different lengths of BELDF2 and (b) spectral characteristics of the ampli-
fied laser with BELDF2 length of 6 m.

In conclusion, we fabricate a BELDF using the MCVD method
combined with ALD technology. Then, based on the fiber as a
gain medium, we develop a 1596 nm high signal-to-noise ratio
and narrow-linewidth laser with a linear-cavity structure. With
the fiber length of 6 m, the laser operating at 1596 nm exhibits an
output power of up to 107.4 mW, a slope efficiency of 17.0%,
threshold power of ~35mW, 3 dB linewidth of less than
0.02 nm, and OSNR of over 74.9 dB. The central wavelength
and output power of the laser have remained almost unchanged
for 6.5 h. Furthermore, the 1596 nm fiber laser with 107.4 mW
output power is amplified as a signal light in an all-fiber optical
amplification system. It can be obtained that the pump efficiency
of the amplifier can reach 33.8%, and the maximum output
power is up to 410.0 mW. Compared with the laser performance
before amplification, the 3 dB linewidth of the amplified laser
almost remains unchanged, and the output power is still stable,
although the OSNR reduces by ~10dB. In the future, we will
further optimize the gain fiber parameters to realize a higher-
quality and higher-efficiency narrow-linewidth fiber laser with
higher output power and apply it in optical fiber sensing, preci-
sion measurement, and pump sources of the mid-infrared fiber
lasers.
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