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Enhanced Gain Characteristics of PbS-Doped Silica
Fiber in O-Band by Co-Doping Er Ions

Xiuxiu Chen"”, Yanhua Dong
Yanhua Luo

Abstract—We report anovel PbS/Er co-doped silica fiber (PEDF)
with improved spectral properties in O-band (1260-1360 nm). The
results show that the gain of the PEDF exceeds 15 dB in the range
of 1150-1360 nm. Compared to PbS-doped silica fiber, the PEDF
has a gain improvement of 6.4-10.9 dB in O-band. In addition, the
concentration of Pb and S in the PEDF core is significantly higher,
and the size distribution of PbS nanoparticles is more concentrated
in a narrow range. These factors may account for the enhanced
gain characteristics of the PEDF. This work reveals the positive
effect of co-doping Er’t ions on the gain characteristics of the
PEDF in O-band, and suggests an important research direction for
the design of broadband amplifiers and light sources for optical
communication with zero dispersion.

Index Terms—Broadband amplifiers, gain characteristics, PbS
nanoparticles, PbS/Er co-doped silica fiber.

1. INTRODUCTION

XPANDING the bandwidth of optical fiber amplifiers and
E enhancing the gain characteristics can improve the efficacy
of communication systems [1], [2]. Erbium-doped fiber ampli-
fiers and other rare-earth-doped fiber amplifiers can achieve high
gain in specific wavelength bands. However, the gain bandwidths
are usually limited because of the inherent energy-level structure
of rare earth (RE) ions [3], [4]. Bi-doped fiber amplifiers exhibit
broadband luminescence and amplification. However, the nature
of Bi active centers remains controversial and it is difficult to
control during the fabrication process. Hence, it is crucial to
identify new materials for improving the optical properties of
actively doped fibers in the near-infrared band.

Recently, nano-semiconductor materials with high quantum
efficiency, bandgap tunability, and broad spectral properties
have received widespread attention [5], [6]. Compared to other
nano-semiconductors, those in the IV-VI group have significant
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advantages in the optical communication field because of the
distinct energy level structure, smaller bulk band gap energy,
and larger Bohr radius. In particular, PbS, with a bulk band gap
energy and Bohr radius of 0.41 eV and 18 nm, respectively, has
high fluorescence intensity and spectral stability, large Stokes
shift, and strong quantum-limited effect [7]. The luminescence
bands of the PbS-doped fibers include the low-loss communi-
cation window of 1.3 um to 1.5 pm [8], [9]. However, PbS
single-doped fibers cannot achieve a high gain. This is because
PbS is temperature sensitive, easily diffuses and volatiles dur-
ing the fiber fabrication, and result in a low effective doping
concentration and low nucleation rate of PbS in the fiber cores.
Moreover, controlling the size of PbS nano-semiconductors by
thermal treatment method is challenging, as a slight increase
in temperature will lead to the uncontrolled growth of nano-
semiconductors.

The co-deposition of nano-semiconductors with other ma-
terials have been proposed to obtain desirable optical charac-
teristics. In particular, co-doping with RE ions has received
considerable research interest as a promising gain medium. Heo
et al. investigated the effects of RE ions such as Ho**, Er’*,
and La®* on the nucleation and optical characteristics of PbS
nano-semiconductors in silicate glass during thermal treatment
[10], [11]. They found that RE ions can serve as nucleation
centers and reduce the size of PbS nano-semiconductors. By
analyzing the energy dispersion spectra of Nd and PbS co-doped
glass fiber, Park et al. discovered that Nd** can be located
in the interior of PbS materials as Nd-O bonds [12]. These
findings indicate that the introduction of RE ions contributes
to the nucleation and growth of PbS. Wang et al. prepared PbS
and Tm3* co-doped glass fiber and achieved ultra-broadband
luminescence at 1400-2600 nm [13]. Pan et al. discovered
that co-doping Er’*t ions can enhance the local crystal field
intensity and affect the local structure of the silica matrix based
on theoretical studies [14]. However, the influences on the
spectral characteristics near 1.3 ©m was not considered in their
work. Moreover, although numerous studies investigated the
co-doping properties of RE ions and PbS nano-semiconductors,
most of them only focused on size regulation and glass fibers.
Few studies focused on the improvement of the fluorescence
and gain characteristics of co-doped fibers, especially the doped
silica fibers with advantages such as low loss and easy welding.
Thus, a novel PbS/Er co-doped silica fiber (PEDF) is proposed
by analyzing the co-doping effect of Er’*T ions on PbS-doped
fibers.
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Fig. 1.  Fabrication of the PbS/Er co-doped silica fiber. (a) deposition of soot

layers on the inside surface of silica substrate tube. (b) deposition of PbS/Er/Al
nanofilms on the surface of soot layers. (c) deposition of SiO2 and GeOsz
materials in the silica substrate tube. (d) formation of the fiber preform, and
(e) formation of the doped silica fiber.

In this study, PbS-doped silica fiber (PDF) and PEDF were
fabricated via atomic layer deposition (ALD) combined with
modified chemical vapor deposition (MCVD). The influences
of co-doping Er** ions on the fiber properties of the PEDF was
investigated in terms of the elemental composition, microstruc-
ture, and spectral properties.

II. EXPERIMENTAL SECTION

A. Optical Fiber Fabrication

ALD (Beneq TFS-200, Finland) and MCVD (Rosendahl Nex-
trom GmbH, Finland) [15] technologies were used to fabricate
the PEDF, as shown in Fig. 1. First, SiCly (42 sccm) and O,
were blown into a cleaned silica substrate tube and oxidized via
MCVD at approximately 1800 °C, to obtain SiO5 soot layers on
the inside surface of the silica substrate tube. The porous soot
layers facilitate to optimize the homogeneity of the deposited
materials [16]. A semi-glassing process was then performed
at approximately 1400 °C. Second, Er,O3 (800 cycles), PbS
(3000 cycles), and Al,O3 were alternately deposited onto the
surface of the soot layers via ALD, and formed nanofilms.
Pb(tmhd), (tmhd: 22,66-tetramethyl-35-heptanedionato), HoS
gas (10% H2S/N2 mixture), Er(tmhd)s, AI(CHs)s, and O3 gas
were used as reaction precursor materials for Pb, S, Er, Al,
and O, respectively. The ALD process was reported in detail
in literatures [14], [17], [18]. In addition, the deposited Al,O3
materials can serve as protective layers and reduce the volatiliza-
tion of PbS to some extent, owing to the higher melting point
and boiling point than PbS materials [19], [20]. Al5O3 can also
improve the compatibility between PbS and silica substrates.
Third, SiCly (42 sccm), GeCly (30 sccm) and O, were blown
into the silica substrate tube via MCVD to obtain SiO5 and
GeOy materials. The deposited SiO2 and GeOs can improve
the refractive index of the fiber cores. After glassed at high
temperature to form the inner fiber core and a collapse process
occurred at approximately 2100-2200 °C. The fiber preform
was formed. Then it was placed in the graphite furnace of the
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Fig. 2. Experimental setup of the gain measurement of the fiber (LD: laser
diode; ISO: isolator; OSA: optical spectrum analyzer).

Signal light l
source
_A——

drawing tower and heated at 2000-2100 °C for approximately
0.5 h. Finally, the preform was drawn into PEDF. The drawing
speed and tension were approximately 5-50 m/min and 1.5-2.5
N, respectively. The PDF without doped Er ions was fabricated
under the same conditions.

B. Experimental Setup

Energy dispersive X-ray spectroscopy (EDS, MX80, Oxford
Instruments, U.K.) was used to detect the content of each ele-
ment in the fibers, and the electron energy used was 0-10 keV.
An optical microscope (Olympus BX43, Japan) was used to
observe the cross-sections of the fibers. The refractive index
distribution and Raman spectra were measured using a fiber
refractive index analyzer (S14, Photon Kinetics Inc., USA)
and a confocal Raman microscope (LabRam HR800, Horiba
Jobin Yvon, France), respectively. High-resolution transmis-
sion electron microscopy (HRTEM, JEM-2010F, Japan) with
selected area electron diffraction (SAED) was used to examine
the existential states and the distribution of the doped materials
in the fiber cores.

Furthermore, the optical absorption spectra of the fibers were
measured by the cut-back method. The fluorescence spectra were
measured via backward pumping. The experimental setup of
gain spectra is shown in Fig. 2. In this system, a 972 nm laser
diode (LD) is used as the pump source, and the white light source
(Yokogawa AQ4305, Japan) with broad-spectrum flat output
serves as the signal source. In addition, the isolator (ISO) in the
measurement system can prevent laser oscillation and protect the
optical spectrum analyzer (OSA, Yokogawa AQ6370D, Japan).
Its center wavelength is approximately 1310 nm. A coupler with
the low loss characteristics near 1300 nm is used to couple
pump light and signal light. In this work, the fibers used for
fluorescence and gain measurements were approximately 10 m
in length.

III. RESULTS AND DISCUSSION

A. Elemental Analysis

The atomic percentage (at%) of each element in the PDF and
PEDF were determined and are listed in Table 1. There are no
Er** ions in the PDF, and the doping composition of Er** ions
is approximately 0.015 at% in the PEDF. From the table, it can
be discovered that the atomic percentages of both Pb and S in the
PEDF are higher than that of PDF, which may be attributed to the
influence of co-doping Er** ions. On one hand, the dense Er,O3
nanofilms prepared by ALD may be easily adsorbed on PbS
materials during fiber fabrication, which can partially inhibit the
volatilization of Pb and S at high-temperature [8], [21]. On the
otherhand, Er** ions may affect the re-nucleation process of PbS
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TABLE I
ELEMENTAL CONTENT OF THE FIBER SAMPLES

Element PDF (at%) PEDF (at%)
Er / 0.015
Pb 0.014 0.021
S 0.016 0.024
Al 0.359 0.312
Ge 1.462 1.427
Si 32.835 33.733
(o) 65.314 64.468
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Fig. 3. Refractive index distribution of the PDF and PEDF. The insets in the
upper-left corner show the cross-sections of the fibers and the cores. The inset
in the upper-right corner shows the enlarged refractive index distributions of the
cores.

by forming Er-O bonds inside PbS, and the stability of the newly
nucleated PbS may be enhanced [11], [12], [22]. Moreover,
although the concentrations of the Ge, Si, and O deposited in
the PDF and PEDF are slightly different, they are all within the
acceptable range and do not affect the results of this study. In
contrast, the percentage of Al in the PEDF is lower than that
of PDF. Given that Al;O3 materials have the protective effect
on PbS, it is determined that the increase of the PbS deposition
concentration in the co-doped fibers may be mainly owing to the
introduction of Er** ions.

B. Optical Characteristics

The cross-sections of the fibers were observed via optical
microscopy, as shown in the insets of Fig. 3. The core and
cladding diameters of the PDF and PEDF are 9.03/125.12 pm
and 8.94/124.84 pm, respectively, consistent with the dimen-
sions of single-mode fiber (SMF).

The refractive index distributions are shown in Fig. 3. The re-
fractive index differences (RIDs) between the core and cladding
of the PDF and PEDF are approximately 0.00431 and 0.00463,
respectively. Using these data, the numerical aperture (NA)/cut-
off wavelengths of the PDF and PEDF were calculated to be
approximately 0.112/1.31 pym and 0.116/1.34 pm, respectively.
The cut-off wavelengths of the fibers are relatively long and
do not achieve the strict single-mode transmission in the whole
O-band, which is the price for achieving low-loss fusion with
SMF. However, the critical role of Er’T ions can still be well
highlighted due to the close cut-off wavelengths.

Depressions in the cores of the fibers were observed based
on the refractive index profiles, which were caused by the
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Fig. 4. Raman spectra of SMF, PDF, and PEDF.

volatilization of Ge at high-temperature. The higher refractive
index of the PEDF core than that of PDF core, can be attributed
to the introduction of Er’T ions. The doped Er’T not only
directly increased the refractive index of the fiber core, but
also indirectly improved the refractive index distribution of the
co-doped fiber by improving the deposition efficiency of the PbS
[23]. Furthermore, the addition of different dopants would not
cause a significant change in the shape of the core, which can
be seen from the insets of Fig. 3.

C. Raman Spectra

The Raman spectra of SMF (SMF-28, Corning Inc., USA),
PDF, and PEDF in the range of 200-1250 cm™! were measured
using a 633 nm laser, as shown in Fig. 4. Several typical bands
were observed for the SMF. The bands near 430 cm™! (wy),
490 cm™! (D), and 600 cm™' (D) can be attributed to the
deformation vibration of the Si-O-Si network, and the symmetric
stretching modes of the quaternary and ternary rings of the SiOy4
tetrahedron, respectively [24], [25]. The band located at approx-
imately 800 cm™ (w3) can be attributed to the symmetric stretch
vibration of bridging oxygen (BO) atoms in Si-O-Si bending
vibrations [26]. The splitting of transverse optical phonons (TO)
and longitudinal optical phonons (LO) resulted in the w, bands
at 1050 cm™! and 1200 cm™.

Furthermore, the intensity of the bands at near 490 cm™! and
600 cm™!' decreased in the PDF and PEDF. This indicates that
the introduction of PbS materials disrupted the silica lattice
structure, may resulting in more non-bridging oxygen (NBO)
structures. The new bands appeared at near 690 cm™ and 1150
cm’!. The band at near 1150 cm™! can be assigned to the stretch-
ing vibration in the SiO, tetrahedra with one oxygen next to
AT ions (Si-O-Al) [25]. The band at 690 cm™' may be caused
by Pb, PbO-Pb, 3PbO-Pb, or 4PbO-Pb, owing to the oxidation
of anions in PbS materials [27], [28]. These results of Raman
analysis further indicate that the PbS materials were doped into
the silica structure of the PDF and PEDF. In the case of PbS
doping, the structure of the silica lattice was modified and formed
new bands. The newly formed band located at near 690 cm™ was
stronger in the PEDF, which may be related to the formation of
Er-O bonds in the silica structure. They can serve as nucleation
sites and facilitate the doping of PbS materials. Additionally, no
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Fig. 5. Preparation process of HRTEM sample. (a) facet cutting and fiber
fixing. (b) sampling with mechanical Pt probe. (c) fixed connection, and
(d) trimming and thinning.

Normalized

Fig. 6. HRTEM image and the particle size statistics of (a) the PDF sample
and (b) PEDF sample. (c) Lattice image of the PEDF. (d) SAED patterns of the
PEDF.

significant bands related to the PbS crystalline phase structure
were detected, it is probably due to the low doping concentration
of PbS and the fluorescence generated by the doped materials
affect the characterization of PbS crystalline phase information.

D. HRTEM Images

The fibers were examined via HRTEM to analyze and confirm
the distribution state and microstructure of the dopant materials
in the cores. The samples for HRTEM analysis were prepared
using Focused Ion Beam (FIB, 600i, FEI Hong Kong Co., Czekh)
microdissection technology. The sample preparation processes
mainly include cutting and fixing the fiber, spraying gold on the
end face of the sample, collecting and fixing the sample, and
trimming the sample, as shown in Fig. 5. Gold was sprayed to
make the surface of the sample conductive. Pt protective films
were usually sprayed on during processing to avoid damage the
core area during ion-beam cutting. The size of the final sample
for the HRTEM observation was approximately 10 x 2 x 3 ym
(length x width x height) and the thickness was less than 100
nm.

The results of HRTEM observations are shown in Fig. 6(a)
and (b). Numerous nearly circular nanoparticles were existed
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and uniformly distributed in the cores of the PDF and PEDF. Ac-
cording to previous studies [18], the deposited EroO3 nanofilms
exhibited amorphous or disordered structures. Therefore, the
composition of the particles observed in the cores is tentatively
considered to be PbS. Also, the PbS may be oxidized to form
oxides such as PbO under the high temperature environment
of the fiber fabrication process. The binding energy of PbS,
approximately 161 eV, is larger than that of PbO, approximately
138 eV [29]. These indicate that PbS is more stable and easier to
form than PbO. Therefore, the composition of the nanoparticles
observed in the fiber core may be mainly PbS.

To determine the composition of the nanoparticles, the mi-
crostructure of the particles in the PEDF core was further inves-
tigated. The lattice stripe spacing of the particles in Fig. 6(c) is
determined to be approximately 0.280 nm, which corresponds
to the (200) crystal plane of PbS [30]. The diffraction rings
observed via SAED are shown in Fig. 6(d), and correspond
to the (111), (200), (220), and (311) planes of PbS [16], [30].
Thus, the analysis results confirm that the main component of the
nanoparticles is PbS, which is present in the form of nanocrystal
in the fiber core. This demonstrates that PbS nanoparticles were
formed during the fiber fabrication process without subsequent
heat treatment, reflecting the advantages of ALD combined with
MCVD to fabricate PbS semiconductor-doped silica fiber.

In addition, particle size statistics were analyzed from 160-
200 nanoparticles in the observation areas, and the correspond-
ing statistical results are shown in the insets of Fig. 6(a) and (b).
It was observed that the sizes of the PbS nanoparticles in the
PDF and PEDF were small, in the range of approximately 2—10
nm. Further analysis of the particle size statistics revealed that
the PbS nanoparticles in the PDF were distributed in the range
of 2-8 nm, whereas the nanoparticles in the PEDF were more
concentrated in the range of 2-5 nm. This may be attributed to
the doping of Er** ions leading to PbS grain breakage, which
causes a decrease in the crystallite size [31], [32]. Additionally,
the difference in the size distribution of the PbS nanocrystals
in optical fibers would result in the different spectral properties
of the PDF and PEDF, owing to the quantum size effect of PbS
nanocrystals [33], [34].

E. Absorption and Fluorescence Characteristics

The optical absorption characteristics of the PDF and PEDF
were measured using the cut-back method, and the results are
shown in Fig. 7(a). The background losses at 1300 nm were
approximately 0.082 dB/m and 0.091 dB/m for the PDF and
PEDF, respectively. The slightly higher background loss of the
latter can be attributed to the presence of more nanoparticles in
the PEDF core, which enhance Rayleigh scattering [35] and
result in an increase in the transmission loss of the fibers.
Additionally, six distinct absorption peaks were observed in
the absorption spectrum of the PEDF at approximately 650,
800, 980, 1150, 1385, and 1535 nm. The absorption peak at
1385 nm is attributed to the OH overtone [36]. Combining the
analysis of the absorption spectrum of the PDF and the typical
absorption peaks of Er*™ ions, the peaks at 650 nm and 1535
nm correspond to the electron transitions of ErT ions, from the
ground state *I;5/ to the excited states *Fg /o and *113/2 [37],



CHEN et al.: ENHANCED GAIN CHARACTERISTICS OF PBS-DOPED SILICA FIBER IN O-BAND BY CO-DOPING ER IONS

8

~
o
-

3+, 4, 4
Er: IIS/Z_' lI]/I

6 1535 nm §

Absorption (dB/m)
-

0

900 1050

600 750 1200 1350 1500 1650
Wavelength (nm)
b) 25
( ) —— PEDF R1
Absorption from Er** Bl
= 20 Absorption from PbS | 5% 2
) P {977 nm
g
~ 15F
=
=
=
ls 1.0 F gr
w
2 PbS
0.5 P/h:23 nm 951EmN
0.0 |
750 800 850 900 950 1000 1050 1100
Wavelength (nm)
(c) 0.30
—— PEDF R2
Peakl
~ 025} Peak2
E Peak3
a Peakd
= 020 Peak5
2
=]
.
S
2
2015
«
0.10

1100mm

1 1 1 1 1

1050 1075 1100 1125 1150

Wavelength (nm)

1175 1200

Fig. 7. (a) Absorption spectra of the PDF and PEDF. Gaussian fittings of the
(b) R1 and (c) R2 regions for the PEDF absorption spectrum.

respectively. The absorption bands at approximately 800 nm and
980 nm originate from the overlapping of the absorption peaks
of PbS and Er** ions, and the band at approximately 1150 nm
is attributed to the absorption by the PbS nanocrystals.

To further analyze and confirm the origins of the absorption
bands at approximately 800, 980, and 1150 nm, two rectangular
regions (R1 and R2) in Fig. 7(a) were magnified and processed
using Gaussian fitting, as shown in Fig. 7(b) and (c), respectively.
The results suggest that two absorption bands at near 800 nm
and 980 nm originate from the superposition of the absorption
peaks at approximately 798 (Er**: *Iy5/5—*Iy/2) and 823 nm,
and 951 and 977 nm (Er**: *I15/9—%1112), respectively. The
absorption peaks at near 823 nm and 951 nm were caused by
PbS materials, which are attributed to the formation of PbS
nanocrystals with different sizes in the fiber core [38], [39], [40].
Based on the absorption intensity and effective mass method
[41], the effective band gap energies and average radii of PbS
nanoparticles at 823 nm and 951 nm can be estimated to be

7201507

(a) 1o
—— PDF Fluorescence of PEDF
09H| ——PEDF 3
0.8 E U\/\J\
-~ E
=
< 0.7
N2
z, 1000 1100 |1(W“-I.:01" 1400 1500 16004
= 0.6 Wavelength (nm)
=
2
E 0.5
0.4
03F
0.2 L ) L L
1000 1050 1100 1150 1200 1250 1300 1350
Wavelength (nm)
(b)o.c6 P
0.58|
E
& 050
£z
w
S 042t
=
- Wavelength:
0.34F —0— 1100 nm
- —0— 1200 nm
—0— 1300 nm
0.26!

100 200 300 400 500
Pump power (mW)

Fig. 8. (a) Fluorescence spectra of the PDF and PEDF. The inset shows
the ultra-broadband fluorescence of the PEDF in the range of 1000-1600 nm.
(b) Fluorescence intensity of the PEDF at different wavelengths versus the pump
power.

approximately 1.51 eV and 3.07 nm, and 1.31 eV and 3.65 nm,
respectively. In addition, based on the Gaussian fitting results
and theoretical calculations, the absorption envelope near 1150
nm was determined to consist of several narrow absorption peaks
at approximately 1100, 1117, 1130, 1150, and 1165 nm, with
average radii of 3.82,4.04,4.43,4.75, and 4.96 nm, respectively.
These results are consistent with the size distribution (2—5 nm)
of the PbS nanoparticles in the PEDF core from the HRTEM
analysis.

Moreover, the absorption peaks caused by PbS nanoparticles
were significantly enhanced in the PEDF. This is because the in-
troduction of Er* T ions generated nucleation sites for PbS, which
promoting the effective formation of nanocrystals. Meanwhile,
the effect of co-doping Er’* ions on the size regulation of PbS
nanocrystals resulted in a more concentrated size distribution.
Thus, the absorption intensity of the PEDF at the wavelengths
corresponding to these sizes was increased. This is beneficial for
improving the performance of the PEDF.

According to the estimation of the particle sizes of the PbS
nanoparticles, the corresponding luminescence centers were
exactly in the broad spectral range of 1000-1400 nm [42].
This is consistent with the measured fluorescence spectra, as
shown in Fig. 8(a). The PDF and PEDF exhibited broadband
fluorescence from 1050 to 1360 nm, covering approximately
310 nm. This suggests that the broadband fluorescence of the
PDF and PEDF near O-band is mainly owing to the presence
of PbS nanoparticles with different sizes. The superposition
of the luminescence centers at different wavelengths resulted
in the broadband fluorescence phenomenon. In addition, the



7201507

(a) 4 —— PDF Fluorescence of PEDF
351 —— PEDF 3
30t i
2 25f
=
= 1200 1300 1400 1500 1600
= 20 3.7dB Wavelength (nm
<
O

st 1260 nm 1360 nm
0 L L L )
1150 1200 1250 1300 1350
Wavelength (nm)
2.0
(b) PEDF
1.8F
-
g 1.6 F
=
=2
= 14
2
@
E 12
-
)
£ Wavelength:
S osh —o—1150 nm —— 1200 nm
—0—1250 nm —o—1300 nm
0.6 F —o—1320nm —o—1350 nm

I 1 1 1 1 I 1

L
100 150 200 250 300 350 400 450
Pump power (mW)

Fig. 9. (a) Gain spectra of the PDF and PEDF. The inset shows the ultra-
broadband fluorescence of the PEDF in the range of 1150-1600 nm. (b) The
gain per meter of the PEDF at different wavelengths versus pump power.

fluorescence of the PEDF was significantly enhanced compared
to PDF, which indicates that co-doping Er’T ions improved the
spectral properties of the PEDF. Fig. 8(b) shows the variation
in the fluorescence intensity at 1100, 1200, and 1300 nm with
increasing pump power. The more intense fluorescence at 1100
nm and 1300 nm corresponds to a greater probability of PbS
nanocrystals at the corresponding size distribution. Furthermore,
owing to the superposition of the PbS and Er** ions lumines-
cent bands, PEDF exhibited ultra-broadband fluorescence in the
range of 1000—-1600 nm, as shown in the inset of Fig. 8(a), which
indicates that PEDF has excellent potential as a broadband light
source.

F. Gain Characteristics

The broad-spectrum gain characteristics of the PEDF were
further investigated based on its broad-spectrum fluorescence
properties. To emphasize the effect of co-doping Er** ions on the
gain performance of the PbS-doped fibers in O-band, the spectral
characteristics in the range of 1150-1360 nm were examined.

Considering the effect of amplified spontaneous emission
(ASE), the net gain (G,,¢;) of the fiber can be calculated using
the following equation [43]:

Py — P
Gret = 101g (tPASE) (1)

where Pi,, Pasp, and P,y denote the powers of the input
optical signal, the ASE, and the amplified output optical signal,
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respectively. The P4gp is obtained by turning on the pump
source while turning off the signal light source.

The broadband gain spectra of the PDF and PEDF are shown
in Fig. 9(a) for the band of 1150-1360 nm. It is noteworthy that
the gain of the PEDF exceeded 15 dB, which is an improvement
of more than 3.7 dB compared to PDF. In particular, the gain
in the whole O-band increased by 6.4-10.9 dB. These enhanced
gain characteristics are very important for improving optical
communication performance.

The gain spectra of the fiber at different wavelengths per unit
length are shown in Fig. 9(b) to investigate the variation of the
gain intensity of the PEDF according to the pump power. The in-
tensity of the gain increased significantly when the pump power
was low. This is attributed to the increased probability of carrier
transition to higher energy levels in the core, which allows most
carriers in the PbS nanocrystals to achieve inversion. The gain
approached the saturation when the pump power was over 350
mW, at which point almost all the carriers were activated to high
energy levels and additional inversion was not possible even if
the pump power was increased. Co-doping with Er** ions is also
shown to enhance the gain characteristics of PbS-doped fibers
in O-band, which is achieved by increasing the effective doping
efficiency and modulating the size of the PbS nanocrystals.

IV. CONCLUSION

In this work, the microstructure and spectral characteristics
of the PEDF fabricated via ALD and MCVD are investigated.
The positive effects of co-doping Er** ions on improving the
performance of PbS-doped fibers are analyzed. The results show
that the fluorescence and gain characteristics of the PEDF are
significantly enhanced near 1.3 um. In particular, the gain in-
creases by 6.4—10.9 dB in the whole O-band. This phenomenon
may be explained as follows. First, the deposited EroO3 may be
distributed around PbS nanocrystals, which can act as protective
films to reduce the volatilization of PbS materials at high temper-
ature and improve the effective doping concentration of Pb and S.
Second, the co-doping Er** ions can form Er-O bonds and serve
as nucleation sites, which may be favorable to the nucleation
and size reduction of PbS nanocrystals, and resulting in a more
concentrated distribution in the PEDF core. These can improve
the luminescence efficiency and gain intensity near O-band.
Therefore, the semiconductor and RE ions co-doped silica fiber
used in this study has excellent potential in long-range, high-
capacity communication networks and optical devices, such as
broadband amplifiers and broadband light sources.
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