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Keywords: Bismuth (Bi)-doped aluminosilicate, phosphosilicate, germanosilicate and high (=50 mol%) germanosilicate fi-
A_Cti"e optical material bers have shown luminescence around 1.15 pm, 1.3 pm, 1.45 pm and 1.7 pm, respectively. Bi-doped fibers have
Bismuth paved the way for developing optical amplifiers and fiber lasers in the wavelength region of 1150-1500 nm and
Phosphosilicate . . - . . X .

Aluminosilicate 1600-1700 nm, where it can serve a wide range of applications in astronomy, imaging, medicine and advanced
Spectroscopy optical communications. However, spectroscopic study is required to understand the nature of near-infrared

(NIR)-emitting Bi active centers (BACs) to improve the efficiency of Bi-doped fiber amplifiers and lasers. In
this paper, we review the luminescence properties of Bi-doped glasses as well as Bi-doped fibers with alumi-
nosilicate, phosphosilicate, and germanosilicate glass hosts. Absorption and emission cross-sections of Bi-doped
phosphosilicate fibers are reported. In addition, we review the current state of the art of Bi-doped fiber amplifiers
development in the second telecom window (O-band) and in the E-band and S-band for the next-generation high-
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capacity optical communications.

1. Introduction

Since the appearance of the first erbium (Er)-doped fiber amplifier in
1987 as a breakthrough technology, rare earth (RE)-doped fibers have
been well developed and widely used in the NIR region over the years,
for many important applications including medicine, optical commu-
nications, and material processing, etc. Ytterbium (Yb), Er, thulium
(Tm) and holmium (Ho)-doped fibers in silica glass host are operating in
the wavelength bands around 1 pm, 1.5 pm, 1.8 pm and 2 pm, respec-
tively. It has been a compelling research area to explore and establish
new active materials as the gain media in optical fibers to develop am-
plifiers and lasers, in the missing wavelength bands of 1150-1500 nm
and 1600-1700 nm which are not covered by RE elements. Bi-doped
silica-based fibers stood out as reported to demonstrate an ultra-
broadband NIR emission within different glass hosts spanning the O-,
E—, S- and U-bands, as presented in Fig. 1 [1-3]. Bi-doped aluminosil-
icate fibers (BASFs) and Bi-doped phosphosilicate fibers (BPSFs) have
showed luminescence in the wavelength bands of 1.1-1.2 pm and
1.3-1.4 pm, respectively. Bi-doped silicate fibers (BSFs) and Bi-doped
germanosilicate fibers (BGSFs) can produce luminescence around
1.45 pm. Moreover, with a high content (>50 mol%) of germanium di-
oxide (GeOy) in Bi-doped germanosilicate fibers (BHiGSFs), the lumi-
nescence spectrum can be extended to 1.7 pm. Much exciting progress
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has been made in Bi-doped fiber amplifiers development, in the O-band,
O + E-band and E + S-band using Bi-doped fibers co-doped with phos-
phorus (P) or germanium (Ge), as well as in the wavebands from 1100 to
1250 nm and from 1600 to 1800 nm using Bi-doped fibers co-doped with
aluminium (Al) and with high content of Ge, respectively.

However, to achieve the efficient and robust amplification that
supports a broad wavelength range has been a challenge. Associated
spectroscopic characterization is required to help steer Bi-doped fiber
development. Two main concerns should be addressed for designing and
improving the performance of Bi-doped fiber amplifiers. Firstly, the Bi
states that determine NIR emission are currently not fully understood. It
is critical to identify the desired valence state, which depends on pre-
form fabrication and fiber drawing conditions. Secondly, an increasing
Bi concentration can result in increases in background loss (BL) and
unsaturable loss (UL). The current generation of Bi-doped fibers that can
be used in optical fiber amplifiers are mostly with a low Bi concentration
of <0.1 mol%, which leads to the demand for long (100’s meter) device
lengths.

Bi has the electronic configuration of (Xe) 414 5 q10 g2 6p3 which is
different in comparison to commonly used RE elements. The inner
subshells of Bi are completely filled and electrons from the outer layers
6s and 6p can have significant interactions with the host glass compo-
sitions. Therefore, Bi shows host dependent absorption and emission

E-mail addresses: Yu.Wang@soton.ac.uk (Y. Wang), jks@orc.soton.ac.uk (J. Sahu).

https://doi.org/10.1016/j.0mx.2022.100219

Received 10 October 2022; Received in revised form 20 November 2022; Accepted 30 November 2022

Available online 22 December 2022

2590-1478/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Yu.Wang@soton.ac.uk
mailto:jks@orc.soton.ac.uk
www.sciencedirect.com/science/journal/25901478
https://www.journals.elsevier.com/optical-materials-x
https://doi.org/10.1016/j.omx.2022.100219
https://doi.org/10.1016/j.omx.2022.100219
https://doi.org/10.1016/j.omx.2022.100219
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omx.2022.100219&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Y. Wang et al.

o I

hn|
[
| | | Bi

indllyb/Nd

1000 1200 1400 1600 1800 2000
Wavelength (nm)

Fig. 1. Spectral regions covered by Bi and RE elements in silica glass host.

characteristics. Bi is a polyvalent element that exists with multiple
oxidation states, i.e. Bi*, Bi2*, Bi>", and Bi®*. It is important to generate
the desired oxidation state in a controllable way in the optical preform
and fibre fabrication. The balance of oxidation and reduction reactions
during Bi-doped fiber fabrication procedures heavily depends on the
fabrication conditions, such as atmosphere, temperature, glass compo-
sitions and concentration of each polyvalent element, which makes it
difficult to manage Bi to the necessary oxidation states. There are a
number of existing hypotheses on NIR-emitting Bi active centers (BACs),
including Bi clusters [4], Bi [5,6], BiO [7], Bi ion dimers, e.g. Bi5 /Bi, or
Biz/Bi%~ [8-10], Bi*>*-Bi®* dimer or Bi © between two vacancies [11],
Bi® [12], Bi>T02~ molecules [13-15], point defects [16], and Bi?* + an
oxygen vacancy [11,17]. Regardless of various theoretical and experi-
mental assumptions, the origin of Bi related NIR-emitting centers is still
under debates. Additional fundamental researches on the nature of NIR
luminescence in Bi-doped fibers are required for improvement on the
efficiency of Bi-doped fibre-based devices and systems.

In this paper, we review the luminescence properties of Bi-doped
glasses and fibers, and report the recent progress on the absorption
and emission cross-sections of Bi-doped optical fibers. Since the previous
review on Bi-doped fibre amplifiers [2,18], many astonishing results
have been achieved over the past one decade. We update the recent
progress in Bi-doped fiber amplifiers, and review the state of the art of
Bi-doped fiber amplifiers operating in different wavelength bands in the
NIR region.

2. Bi-doped fibers

Since the first demonstration of NIR emission in a Bi-doped silica
bulk glass [19] and the first fabrication of Bi-doped silicate optical fibers
[43], various types of Bi-doped glasses and fibers have been established
and reported with NIR luminescence. Table 1 summarizes compositions
of diverse Bi-doped glasses and their luminescence properties, including
silicate, germanate, borate, and phosphate glass systems. Besides, a few
of Bi-doped chalcogenide and fluoride glasses are also demonstrated
with NIR luminescence [44-47]. There are several important observa-
tions from Table 1:

@ Bi-doped silica-based glasses with various co-dopants are the com-
mon types to produce broadband luminescence in the NIR region.

@ The effective excitation bands are mostly located in the spectral
range of 800-1600 nm where commercial laser diodes are available
for pumping in the laser or amplifier systems.

@ The luminescence spectra can contain more than one emission band.
The luminescence bands are ultra-broad, of which the 3-dB band-
width is usually in the range of 200-500 nm.
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@ The luminescence bandwidth and the locations of the luminescence
bands are both dependent on the excitation wavelength and the glass
compositions.

These exceptional features of Bi-doped glasses suggest a great po-
tential for developing ultra-broadband optical amplifiers within the
spectral region of 1150-1500 nm and 1600-1700 nm. In addition to Bi-
doped bulk glasses, S. V. Firstov et al. [48,49] measured the lumines-
cence properties of Bi-doped optical fibers based on excitation and
emission wavelengths in the spectral region from 450 to 1700 nm. 4
types of Bi-doped fibers are studied: Bi-doped silicate (Bi:SiO5) fibers
(BSFs), Bi-doped germanate (Bi:GeOj) fibers (BGFs), Bi-doped phos-
phosilicate (Bi:P205-SiO>) fibers (BPSFs), and Bi-doped aluminosilicate
(Bi:Al;03-Si03) fibers (BASFs). The excitation and emission bands are
reported in Refs. [2,49]. Work in Refs. [22,49] also predicted energy
level diagrams of BACs associated with Si, Ge and P, determined from
absorption and luminescence properties of BSF, BGF and BPSF samples,
respectively. The main luminescence bands (as presented with the
curves) and corresponding pump wavelength bands (as indicated with
the arrows) that are commonly used in Bi-doped fibre amplifiers are
summarized in Fig. 2 [50-56]. It is noteworthy that the luminescence of
Bi-doped fibers within different silica-based glass hosts can cover the
spectral region from 1100 nm to 1700 nm.

2.1. Bi-doped aluminosilicate, phosphosilicate and germanosilicate fibers

Various Bi-doped preforms and optical fibers are fabricated using
MCVD in combination with vapor phase or solution doping technique
[57]. A silica substrate tube serves as the fiber cladding. Bi and other
co-dopants are incorporated into the fiber core from solution or through
a vapor phase.

Fig. 3 presents the absorption spectrum of Bi-doped aluminosilicate
fiber (BASF), phosphosilicate fiber (BPSF) and germanosilicate fiber
(BGSF) with low GeOs content (~5 mol%), respectively. As can be seen,
BASFs have effective absorption at wavelength bands 510 nm, 700 nm
and from 900 to 1100 nm. BPSFs have effective absorption at wave-
length bands 440 nm, 750 nm and from 1200 to 1300 nm. For BGSFs, the
effective absorption is shown at wavelength bands 440 nm, 820 nm and
from 1250 to 1400 nm. All three fiber samples show a broad absorption
band in the NIR region. The fluorescence lifetime of BASFs is in the range
of 820-860 ps at 1120 nm. For BPSFs, the fluorescence lifetime at 1267
nm is ranging from 740 to 780 ps. Unsaturable absorption of BASF, BPSF
and BGSF samples are measured at their pump wavelengths and sum-
marized in Fig. 4. In a UL measurement, the fibre absorption is measured
as a function of the pump power that is launched into the fibre. A typical
unsaturable loss measurement is shown in the inset of Fig. 4 for a BPSF
sample. The small signal absorption and the unsaturable absorption of a
BPSF sample are found to be 0.58 dB/m and 0.09 dB/m, respectively,
which gives the UL of the BPSF sample as 15.5%. For BASF, two samples
are measured at two pump wavelengths of 1047 nm and 1120 nm. For
BPSF, different fiber samples are measured at a pump wavelength of
1240 nm. For BGSF, one sample is measured at three pump wavelengths
of 1270 nm, 1310 nm and 1432 nm, respectively. It can be noticed that,
the UL of BASFs is strongly pump wavelength dependent, whereas there
is no significant difference in UL at different pump wavelengths for
BGSFs. Also, it can be observed that the UL of BPSFs can vary signifi-
cantly with fabrication conditions, which are very critical for controlling
the UL in Bi-doped fibers. Moreover, what is noteworthy is that the UL of
BPSFs can already be controlled within the 10-20% range. However,
BASFs show a relatively high UL at above 30%. We will in due course
improve the fabrication processes to reduce the UL of Bi-doped fibers
moving forward.

Fig. 5, Fig. 6, Fig. 7 present the fluorescence spectra of BASF, BPSF
and BGSF samples excited at their pump wavelengths, respectively. For
BASFs, emission peaks are located at 1120 nm and 1160 nm, with the
full width at half maximum (FWHM) of 140 nm and 135 nm,
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Table 1
Luminescence properties of Bi-doped glasses.
Category Compositions, mol% Ap, M Aem, NIM FWHM, nm Ref
Silicate Bi:SiOy 710 1150 150 [19]
97.5510,-2.2A1,03-0.3Bi,03 500 1140 200 [20]
SiO,:Bi 375/450 585,830,1440 [21]
100Si04:Bi 240/375/422 827,1417 [22]
5Ge0,-958i0,:Bi 365 1665
455 1646
3Al1,03-97Si04:Bi 510 1100
250 1250
10P,05-90Si0,:Bi 353 1300
427 1277
655i0,-30SrO-5A1,03-2Bi,03 808 1315 200 [23]
658i0,-30Ba0-5A1,03-2Bi,03 808 1325 200 [24]
658i0,-30Ca0-5A1,03-2Bi,03 808 1305 205 [25]
508i0,-30Ge0,-15Mg0-5A1,03-1Bi;03 808 1280 355 [26]
980 1155 250
728i02-2A1,03-13Na;0-8CaO- 800 1070,1300 [27]1
—4MgO-1K;0-0.5Bi;03-1.5C
55.65i0,-22.2A1,03-22.2Mg0-1Bi,03 700 1100-1300 [28]
800 1200-1600
508i0,-25A1,03-25Ca0-0.5Bi,03 690 1100 160 [29]
909 1300 220
37.58i05-25A1,03-12.5P,05-25Ca0-0.5Biz03 690 1100 180 [29]
909 1300 260
95.2510,-2.63A1,03-2.13Ge0,-0.04Bi03, in [wt%] 808 1240 300 [30]
940/980 1130 170
438i05-23A1,03-20Ge0,-13Li,0-1Biz03 808 1260 300 [31]
808 1245 300 [32]
40Si0,-40Ca0-20Mg0-4Bi,03 940 1235,1426
980 1235
95.5510,-4.5A1,03-0.01Bi>03 480/695 1120 155 [33]
Germanate 75Ge02-20SrO-5A1,03-1Biz03 808 1279 225 [34]
980 1231 510
96.5Ge02-1.5Ga03-1.5A1,03-0.5Bi,03 808 1110 [35]
980 1240
75Ge02,-20Mg0O-5A1,03-0.5Bi>03 880 1090,1290 [36]
75Ge02-20Mg0O-5A1,03-1Bi,03 880 1100,1300
75Ge0,-20Mg0-5A1,03-2Bi;03 880 1300
75Ge02,-20Mg0-5A1,03-4Biy03 880 1325
75Ge02-20Mg0O-5A1,03-6Bi>03 880 1375
89Ge0,-10Tay05-1Biy03 808 1250 250 [37]1
Borate 75B,05-20Ba0-5A1,05-2Bi;05 808 1252 230 [6]
65B,03-30Ba0-5A1,05-2Bi,05 808 1272 230
55B;03-40Ba0-5A1,03-2Bi;03 808 1300 194
5 mol%Bi:SrB,0, 808 1291 202 [38]
75B,03-25Bi,03 808 1200 [39]
75B,03-15Ba0-5A1,03-1Biz03 800 1250 [40]
Phosphate Bi:Li;0-Lay03-Al;03-B503-P505 800 1150 [41]
980 1280
75P,05-15B,05-9A1,05-1Biz05 808 1260 253 [42]
980 1148 269
82P,05-17A1,03-1Bi;03 808 1300 300 [5]
980 1194

respectively, when excited at wavelengths of 1047 nm and 1120 nm.
BPSFs show emission peaks at 1280 nm, 1310 nm and 1340 nm, with the
FWHM of 145 nm, 143 nm and 150 nm, while pumped at 1200 nm,
1267 nm and 1310 nm, respectively. For BGSFs excited at wavelengths
of 1270 nm, 1304 nm and 1340 nm, no significant variation is observed
in the emission peak locations that appear at 1403 nm, 1410 nm and
1420 nm, respectively. The emission peak bandwidth is relatively nar-
rower with a FWHM of 133 nm, 114 nm and 107 nm correspondingly.

2.2. Absorption and emission cross-sections of Bi-doped phosphosilicate
fibers

There are only very few existing work that reports on the absorption
and emission cross-sections of BPSFs [58,59]. In this section, we char-
acterize and present the absorption and emission cross-section spectra
for the in-house fabricated BPSFs using saturation fluorescence method
and Fiichtbauer-Ladenburg (FL) equation, respectively.

Fig. 8 represents the refractive index profile for BPSF-1 as well as

Bi»03 and P,0s distribution measured by Electron Probe Micro Analysis
(EPMA). The refractive index of BPSF-1 shows an M-shape radially, with
a maximum index difference An of around 0.004 between the core and
the cladding, from which the P,Os content is estimated as ~4 mol%. The
Bi concentration is relatively low - at the level of 0.01 mol%. Saturation
fluorescence method provides the determination of the absorption cross-
section (6,) in active fibers [60,61]. It is based on that the fluorescent
power is proportional to the population inversion ny on the upper energy
level 2. For an infinitesimal segment of fiber, n, can be given by

_ Wilgac
Wi+ L

"

(€8]

ny

where, 77 is the fluorescence lifetime, Npac is the concentration of BACs
in the fiber, Wi5 is the pump rate from the lower level 1 to the upper
level 2. To reach half of the maximum fluorescence, i.e., to get a pop-

ulation inversion of A%, the pump rate W;; should be equal to % The

stimulated rate between the lower level i and the upper level j is given by
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Fig. 2. Main pump wavelengths and luminescence bands of major Bi-doped
silica-based fibers within different glass hosts that are commonly used in Bi-
doped fiber amplifiers.
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Fig. 3. Absorption spectrum of BASF, BPSF and BGSF samples. The inset shows
the detailed absorption from 800 nm to 1600 nm.
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Wy = hy;A @

where, ¢;; is the absorption cross-section of this transition, P, is the pump
power, hy; is the photon energy, and A is the effective mode field area.
Derived from equations (1) and (2), the saturation fluorescence power
Pgy, which is the pump power required to reach half inversion, can be
written as
_hvpA

sat

=
o1ty

3)

In saturation fluorescence measurements, the fluorescent power is
measured as a function of pump power. The fluorescent power increases
asymptotically with the increasing pump power to an upper limit cor-
responding to a full population inversion. The saturation fluorescence
power and thereby the absorption cross-section at the pump wavelength
can be calculated using equation (3).

The fluorescence spectrum of a BPSF sample is measured with an
increasing pump power. The fluorescent power is obtained by
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Fig. 5. Fluorescence spectra of BASF sample.

integrating the fluorescence in the wavelength range from 1100 to 1600
nm and presented as a function of pump power (Fig. 9). Note that a short
fiber length of less than 0.5 m is used here to avoid any influence from
fluorescence re-absorption or ASE accumulation. The saturation fluo-
rescence power Py, i.e. the pump power required to realize half of the
maximum fluorescence, can be then obtained accordingly.

The saturation fluorescence measurements are accomplished for
three different BPSFs-1, 2 and 3 at pump wavelengths of 1200 nm, 1267
nm and 1310 nm, respectively. Using the measured saturation fluores-
cence power Py, the absorption cross-sections at the corresponding
pump wavelengths can be then analyzed using equation (3). Fig. 10
shows the absorption cross-sections measured via saturation fluores-
cence method at wavelengths of 1200 nm, 1267 nm and 1310 nm (as
presented with the scatter data) and the predicted absorption cross-
section spectrum using Gaussian curve fitting (as indicated with the
dashed lines) for three different BPSFs. The results for BPSF-1, 2 and 3
are highly consistent - the absorption cross-section spectrum shows a
maximum absorption cross-section of ~2.7 p.m.? located at around
1295 nm with a FWHM of ~200 nm.
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On the other hand, the emission cross-section (c,) of BPSFs can be
directly calculated from the measured fluorescence spectrum using FL
equation. The FL equation is derived from the Einstein relations with A
and B coefficients. The Judd-Ofelt theory relates the cross-sections to the
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Fig. 9. Saturation fluorescence measurement of BPSF sample. The inset shows
the obtained saturation pump power Pg,.
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Fig. 10. Absorption cross-sections measured by saturation fluorescence method
for BPSF-1, 2 and 3 at pump wavelengths of 1200 nm, 1267 nm and 1310 nm.
The scatter represents the measured absorption cross-section data by the satu-
ration fluorescence method. The dashed lines are the absorption cross-section
spectrum predicted using Gaussian curve fitting.

transition probability Ay, = é (7 is the observed fluorescence lifetime),

leading to the FL relation as follows [62]:

FAR (V)|

e A)=c— ——7
o) = Gic kg

4

where, 1 is the signal wavelength, n is the medium refractive index, c is
the vacuum velocity of light, I(1) is the normalized fluorescence spec-
trum, and Al is an effective line width defined by Ay = [1(1)dA. The

mean wavelength (1) of the transition can be used instead of 4 in case of

a narrow emission bandwidth. Using the line shape function g(1) =
12)

f 1(A)dA

, the FL equation can be expressed as:

_ W
8rn2cty [1(2)dA

0.(4) )

The equation can be modified more accurate for cases with broader
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Table 2
Absorption (0,) and emission (o,) cross-sections of Bi-doped phosphosilicate fi-
bers as previously reported in the literature and in this work.

Peak value, Peak wavelength, Method Ref
pm? nm
Oa 2.5+0.4 1240 Average BACs-P [58]
concentration
2.1+0.3 1240 (1) Average BACs-P [59]1
concentration
(2) Measured g/a ratio
~2.7 1295 Saturation fluorescence This
method work
Ce 1.7 1325 Fiichtbauer-Ladenburg [58]
equation
1.6 1330 McCumber theory [59]1
1.8 1360 Fiichtbauer-Ladenburg This
equation work

emission bandwidth, e.g. Bi-doped fibers, by introducing a factor of (%) °
[63]:

2 1(4)

o) = gricr, T1(3)da

(6)

The fluorescence spectrum for BPSF sample is measured at a pump
wavelength of 1310 nm, and the emission cross-section spectrum is
determined from the fluorescence spectrum by FL equation in (6)
(Fig. 11). The emission cross-section spectrum shows a maximum
emission cross-section of ~1.8 p.m.2 located at around 1360 nm. Table 2
compares the absorption and emission cross-sections of BPSFs as pre-
viously reported in the literature and in this work.

3. Bi-doped fiber amplifiers

3.1. Bi-doped fiber amplifiers in the O-band (1260-1360 nm) for optical
communications

There has been great interest in developing optical fiber amplifiers in
the O-band (1260-1360 nm) to operate with a comparable performance
to EDFAs. The interest stems from the fact that most of the existing
transmission fibers installed in the global physical infrastructure have
the zero dispersion near 1.3 pm. It provides an opportunity of a rapid
adoption and a low-cost capacity increase in the current optical
communication systems. In this section, we review the continuous
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Fig. 12. Maximum gain and 3-dB bandwidth with the corresponding peak gain
wavelength of Bi-doped fiber amplifiers operating in the O-band (1260-1360
nm) [51,64-69]

progress on the development of O-band BDFAs in recent years. A sum-
mary of the key results in O-band BDFA work is presented in Fig. 12,
where the maximum gain value is marked in red for the work reported.

The first report of a positive net gain in the O-band is from a Bi-doped
phosphogermanosilicate fiber (BPGSF). A pump power of 460 mW is
used at a pump wavelength of 1230 nm, and the positive net gain covers
from 1283 to 1372 nm [70]. Consequently, there has been consistent
success of BDFA demonstrations in the O-band. In 2016, by using a
combination of dual pump wavelengths at 1240 nm and 1267 nm, a flat
gain of 25+1 dB and a NF of <6 dB is demonstrated with a 40 nm
bandwidth from 1320 nm to 1360 nm using a 150 m long BPSF [64]. The
BDFA is tested in both coarse and dense wavelength division multi-
plexing (WDM) experiments over a >100 km transmission link,
providing a >22 dB gain over 50 nm (approximately 8.4 THz) in the
O-band [71-73]. The double pass configuration is used in an O-band
BDFA for the first time in 2011. It shows a 100% gain improvement from
1 dB to 2 dB compared with the same BDFA in a single pass configuration
[74]. Further in 2019, O-band BDFAs using a double pass configuration
are reported to provide high gains of 31 dB for a —10 dBm input signal
[65] and 40 dB for a —23 dBm input signal [51] with a pump-to-signal
power conversion efficiency of 11%. The temperature dependent gain
performance of the O-band BDFAs are characterized in both the single
pass and double pass configurations for a temperature range from
—60 °C to 480 °C. The temperature-dependent-gain (TDG) coefficient of
the O-band BDFAs is found to be in the range of —0.08 dB/°C to —0.02
dB/°C, which is similar to that of EDFAs and indicates a robust thermal
stability [75,76]. At that point, the Bi-doped fibers used in BDFAs have a
long length exceeding 100 m because of the low Bi concentration in fi-
bers. In 2020, by pumping at 1.18 pm and gain clamping at 1.27 pm, an
O-band BDFA is reported to provide a 30 dB peak gain with a 67 nm
bandwidth from 1287 nm to 1354 nm, using a BPSF of only 36 m [66]. In
the recent years, a novel W-type fiber structure is introduced in the
Bi-doped fibers to improve the amplifier performance. In 2020, using a
BPSF with a depressed cladding (DC), a compact BDFA is demonstrated
in the O-band to provide a 20 dB gain for signals from —40 dBm to —10
dBm in the wavelength range of 1300-1350 nm [67,77]. A record gain
coefficient of 0.18 dB/mW is reported at a pump wavelength of 1230
nm, with a pump-to-signal power conversion efficiency of >27%.
Thanks to the bending-insensitive low-loss feature of the depressed
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cladding BPSF, the whole BDFA module is demonstrated with di-
mensions of 11.5cm x 8 cm x 3.5 cm (L x W x H), with the 140 m long
fiber coiled on a spool with a radius of 1.5 cm. In addition to the
aforementioned demonstrations of the O-band BDFAs which are focused
on the wavelength range from 1320 to 1360 nm, there are also BDFAs
reported to be able to work at the short wavelength side of the O-band.
In 2019, OFS laboratories demonstrate a BDFA capable of operating
across the entire O-band using a 80 m long of BPSF [68,78]. It can
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Fig. 15. Maximum gain and 3-dB bandwidth with the corresponding peak gain
wavelength of Bi-doped fiber amplifiers operating in the wavelength band from
1300 to 1500 nm [54,55,80-86]

provide a 20 dBm output power with a 5 dB NF and a pump-to-signal
power conversion efficiency of 20% over a 6-dB bandwidth of 80 nm.
The gain peak can be flexibly centered from 1305 to 1325 nm by pump
wavelength selection in the range from 1190 to 1240 nm. In 2021, an
in-depth experimental characterization is accomplished on an O-band
BDFA at University of Southampton, including electrical noise figure,
gain tilt, transient response, and polarisation dependent gain. The
findings confirms the suitability of the O-band BDFA for applications in
high speed WDM systems [79].

3.11. 40 dB gain Bi-doped all-fiber amplifier operating in the O-band

Bi-doped phosphosilicate preforms were fabricated in-house using
the MCVD-solution doping technique, with an index difference (An) of
~0.004 between the core and cladding. BPSFs were then drawn from the
preforms with the core and cladding diameters of 15 pm and 125 pm.
The absorption at a pump wavelength of 1270 nm is 0.47 dB/m, and the
unsaturable loss at 1240 nm is 15.5%. The BPSF was pumped bi-
directionally by two laser diodes operating at 1270 nm. The experi-
mental set up is shown in Fig. 13. Two circulators were utilized to
construct either a single pass or a double pass amplifier configuration.

The gain and NF of a 210 m long of the BPSF were measured from
1300 to 1360 nm for input signals of —10 dBm and —23 dBm in the
single pass or double pass configurations, respectively. The single pass
BDFA showed gains of 26+1 dB and the double pass BDFA performed
gains of 40+1 dB from 1330 to 1360 nm for a —23 dBm input signal
(Fig. 14). The BDFA is characterized with the temperature varying from
+80 °C to —60 °C, and the TDG coefficient is found to be in the range of
—0.08 dB/°C to —0.02 dB/°C, illustrating an outstanding thermal sta-
bility of the O-band BDFA [52].

3.2. Wideband Bi-doped fiber amplifiers in the O + E-band and E + S-
band (1300-1500 nm)

The development of BDFAs in the spectral region of 1300-1500 nm is
primarily driven by the great demand for optical fibre amplifiers for
high-speed data transmission in the extended telecommunication win-
dow beyond C- and L-band. Being spectrally adjacent to the EDFA also
makes it advantageous to develop efficient BDFAs due to the conve-
nience of available components in the market. Moreover, it is not
beneficial either economically or technically to use a number of separate
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Bi-doped optical fibers and fiber amplifiers

Fig. 16. Schematic of the O + E-band BPSF amplifier [54].

amplifiers in optical communications. Therefore, a single fiber amplifier
with a broad gain bandwidth is preferred. In this section, we review the
recent progress reported on the development of wideband BDFAs in the
O + E-band and in the E 4 S-band. The key results of BDFA development
in the wavelength band from 1300 to 1500 nm are summarized in
Fig. 15, and the maximum gain values are marked in red.

An optical gain in the O- and E-band is firstly reported in 2008 from a
single Bi-doped fiber, where a piece of BPGSF produced a positive on/off
gain ranging from 1240 nm to 1485 nm with a dip near 1380 nm [87]. In
2011, an E-band BDFA is demonstrated providing a 24 dB peak gain at
1430 nm and a 3-dB bandwidth of ~40 nm, pumped at 1310 nm with a
pump power of 65 mW [80,88]. There are many outstanding demon-
strations of the O + E-band BDFAs ever since 2020. A BPSF is fabricated
with a depressed cladding (DC) structure, of which the fiber loss in the
spectral region from 1100 to 1400 nm is independent on the bending
radius from 12 c¢m to 1.5 cm. Using the bend-insensitive Bi-doped fibers
coiled at a radius of 1.5 cm, a compact BDFA is demonstrated with a
positive gain from 1240 nm to 1460 nm [69]. In addition, by pumping at
1180 nm and gain clamping at 1280 nm, a wideband gain with a peak
value of >25 dB and a 3-dB bandwidth of >135 nm is reported from a
combination of a BPSF and a BGSF [81,89]. Furthermore, by using the
bi-directional pumping at dual wavelengths of 1270 nm and 1310 nm, a
wideband BDFA is demonstrated to provide >20 dB gain covering from
1345 nm to 1460 nm with a maximum gain of 31 dB at 1420 nm [53,90].
Using a double pass configuration, the BDFA gain is significantly
improved in the E-band, providing a maximum gain of 38 dB at 1430 nm
with a 3-dB bandwidth of 40 nm [55,90]. The temperature dependent
gain performance of the O + E-band BDFA is characterized in both the
single pass and double pass configurations, and the TDG coefficient is
found to be in the range of —0.015 dB/°C to —0.002 dB/°C, illustrating
an outstanding thermal stability of the O + E-band BDFAs [53,55,90].
Very recently, a record maximum gain of 38 dB operating from 1384 nm
to 1484 nm is reported from a single-stage single-pass BDFA [86].

One major issue of the wideband BDFAs in the O- and E-band is the
reduction in amplifier gain near 1380 nm, which is induced by the OH
content in the fibers. Some efforts have been reported on the reduction
of OH concentration by progressing fiber fabrication techniques, which
is promising to eliminate the dip in the gain spectrum. In 2021, using a
BPSF with extremely low OH, an O + E-band BDFA is demonstrated with
a flattop gain of >23 dB from 1325 nm to 1441 nm [82,91,92].

On the other hand, an optical gain in the E— and S-band is firstly
reported in 2010 from a BPGSF, which shows a positive net gain from
1410 nm to 1600 nm, with a pump power of 190 mW at 1318 nm [70].
In 2020 and 2021, using a BGSF of >300 m and pumps at the wavelength
of ~1320 nm, E + S-band BDFAs are demonstrated to operate in the
spectral region from 1405 nm to 1500 nm with a peak gain of ~30 dB
[83,84]. In 2022, BGSFs are fabricated with a W-type profile and a
graded-index profile, and the amplifier gain characteristics of the BGSFs
with W-type and graded-index structures are compared. An E + S-band
BDFA with a 20 dB peak gain and a 40 nm bandwidth is demonstrated
using a 120 m long W-type BGSF and a pump power of only 45 mW, of
which the gain efficiency is reported to be 0.52 dB/mW [85]. In
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Fig. 17. Gain and NF spectrum of O + E-band BDFA for signal powers of —10
dBm and —23 dBm.

addition, a hybrid amplifier based on Bi-doped fiber and Er-doped fiber
is reported to produce a >27 dB gain and an output power of 24.5 dBm
from 1431 nm to 1521 nm [93,94].

3.2.1. Ultra-broadband Bi-doped fiber amplifier covering a 115 nm
bandwidth in the O + E-band

The in-house fabricated Bi-doped phosphosilicate preforms via
MCVD-solution doping technique were drawn into fibers with the
refractive index difference (An) of ~0.004 and the core and cladding
diameters of 11 pm and 150 pm. The absorption at pump wavelengths of
1270 nm and 1310 nm is 0.57 dB/m and 0.52 dB/m, respectively. The
unsaturable loss at 1240 nm and 1432 nm is 16.4% and 16.3%,
respectively. The BPSF was pumped bi-directionally using two laser
diodes at dual pump wavelengths of 1270 nm and 1310 nm. The
experimental set up is shown in Fig. 16.

The gain and NF characteristics of the BPSF with a fibre length of
220 m is measured from 1345 to 1460 nm (Fig. 17). An ultra-broadband
gain of >20 dB and a NF of 4.6 ~7.1 dB were achieved in the wavelength
band from 1345 nm to 1460 nm. An overall gain of 22.5+3.5 dB and
25.5+5.5 dB was obtained over the 115-nm bandwidth for —10 dBm and
—23 dBm input signals, respectively. The OH concentration in the BPSF
is 1.2 ppm. The lowest gain of ~20 dB with a correspondingly higher NF
of ~7 dB at around 1380 nm is caused by the OH absorption in the BPSF,
and thereby the double hump gain spectrum is not intrinsic to the BPSFs
and likely to be reduced or eliminated eventually by improving the
drying process during fiber fabrications. The temperature dependent
performance of the O + E-band BDFA is characterized from +80 °C to
—60 °C, and The TDG coefficient is obtained in the range of —0.08 dB/°C
to —0.01 dB/°C for different input signals across the wavelength band
from 1350 nm to 1460 nm, emphasizing a remarkable thermal stability
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—10 dBm.

of the ultra-broadband O + E-band BDFA [54].

3.2.2. Bi-doped fibre amplifier with a flat gain of 20 dB operating in the E
+ S-band

Bi-doped germanosilicate preform was fabricated using MCVD-
solution doping technique with a refractive index difference (An) of
~0.01 between the core and cladding. BGSF was then drawn from the
preforms with the core and cladding diameters of 7 pm and 100 pm. The
BGSF was pumped bi-directionally using two laser diodes at pump
wavelengths of 1270 nm and 1310 nm. The experimental set up is shown
in Fig. 18. The pump wavelengths were optimized in order to provide
the flat gain characteristics. The total available pump power that is
launched into the BGSF is 250 mW from the 1270 nm laser diode and
450 mW from the 1310 nm laser diode. The absorption and the unsa-
turable loss of the BGSF are 0.2 dB/m and 22% at 1310 nm.

The gain and NF performance was measured using a 250 m long of
the BGSF. A flat gain of 20+1.5 dB was achieved for a signal power of
—10 dBm, with a 3-dB bandwidth of 50 nm from 1430 to 1480 nm
operating in both the E— and S-band (Fig. 19). The temperature
dependent performance of the E + S-band amplifier was tested within
the temperature range from +80 °C to —60 °C. The gain and NF char-
acteristics at different signal wavelengths from 1435 to 1480 nm all
performed highly insensitive to the environmental temperature - the
variation of gain and NF is within 1 dB across the 140°C temperature
span, representing a robust thermal stability of the E + S-band BDFA.
More details of the proposed E + S-band BDFA will be reported
elsewhere.
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3.3. Bi-doped fiber amplifiers in the wavebands from 1100 to 1250 nm
and from 1600 to 1800 nm

Lasers and amplifiers in the wavelength range from 1100 to 1250 nm
are required in many important applications, such as in astronomy for a
laser guide star [96], in dermatology [97], in ophthalmology [98] and in
optical sources with the development of visible light lasers through
frequency doubling coming into sight. Recently, the wavebands near
1.1 pm has also drawn significant attention for applications in optical
communications using low-loss hollow core fibers [99]. However, there
are very limited progress on developing BDFAs in the 1.1 pm spectral
region. In 2011, a maximum gain of 5 dB at 1180 nm is reported from a
BASF using a watt-level pump power [100]. Later in 2015, an improved
gain of 11.5 dB is demonstrated at 1180 nm using a 100 m long of BASF
[501.

There are many medical applications of lasers and amplifiers in the
wavebands from 1600 to 1800 nm, including laser surgery [101],
endoscopy [102], optical coherence tomography [103] and biomedical
imaging such as multi-phonon microscopy [104]. As this spectral region
falls into the atmospheric transparency window, it is also used in remote
optical sensing and detection [105]. In addition, the novel design of
hollow core photonics crystal fibers with ultimate low loss near 1.8 pm
enables the potential of optical communications in this waveband [106].
There are only a few study on the development of BDFAs near 1.7 pm to
date. In 2016, a maximum gain of 23 dB at 1710 nm with a 3-dB
bandwidth of 40 nm is reported using a 50 m long of BHiGSF pumped
at 1550 nm with a pump power of 300 mW [56,107]. In 2020, a
single-frequency BDFA is presented using a 90 m BHiGSF with output
powers of 163 mW and 197 mW operating at 1651 nm and 1687 nm,
respectively [108].

In addition to Bi-doped fiber amplifiers, there are superfluorescent
sources demonstrated at 1.34 pm, 1.44 pm and 1.73 pm using BPSF and
BGSF [109-111].

4. Conclusions

The field of Bi-doped fibers for optical amplifiers and fiber lasers has
come into sight as an attractive research topic for the past one and a half
decades. Much exciting progress has been made in Bi-doped fibers
development with various co-dopants and the Bi-doped fiber amplifiers
development in different wavebands. MCVD process in combination
with vapor phase or solution doping, as the commercially adopted
method for low-loss high-purity RE-doped fiber fabrication, is used to
introduce Bi within diverse glass hosts including aluminosilicate,
phosphosilicate, and germanosilicate. These Bi-doped fibers show the
broadband absorption and emission characteristics in the NIR region,
with a great potential as a novel gain medium in the wavelength bands
of 1150-1500 nm and 1600-1700 nm. We emphasize that the absorp-
tion spectrum of BASF, BPSF and BGSF consists of multiple broad ab-
sorption bands, as well as the fluorescence spectrum is dependent on the
pump wavelength which can cover a wide spectral range. For the first
time, the saturation fluorescence method is adapted for the analysis of
the absorption cross-sections of BPSFs.

Many successful demonstrations of efficient Bi-doped fiber amplifiers
have been accomplished, especially in the O-band (the second tele-
communication window), O + E— and E + S-band (from 1300 to 1500
nm). To date, maximum gains of 11.5 dB at 1.18 pm [50], 25 dB at 1.42
pm [81], and 23 dB at 1.7 pm [56] have been demonstrated using BASFs,
a combination of BPSFs and BGSFs, and BHiGSFs, respectively. More-
over, maximum gains of 40 dB at 1.36 ym [51,52], and 38 dB at 1.43 um
[55] have been demonstrated using BPSFs. In particular, an efficient
BDFA with a 40 dB gain is reported in the O-band [51], and an
ultra-broadband BDFA operating in the O + E-band is demonstrated
providing a >20 dB gain from 1345 to 1460 nm [53,54]. In addition, an
E + S-band BDFA is demonstrated to offer a flat gain of 20+1.5 dB from
1430 to 1480 nm with a 3-dB bandwidth of 50 nm. Following the



Y. Wang et al.

Table 3

Summary of progress in Bi-doped fiber amplifiers.
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Year Ref Fiber type Length, m Abs @4p, dB/m UL @4p, % Ap/As, N Gain/NF @4, dB
2011 [80, 88] BDF 125 0.47 8 [dB/km] 1310/1430 24,30/6
2015 [50]1 BASF 100 0.7 35% 1047,1120/1180 11.5/N.A.
2016 [56] BHiGSF N.A. 0.92 [@1650 nm] 0.11 [dB/m] 1550/1710 23/7
2016 [64] BPSF 150 1 7% 1240,1267/1350 26/5
2019 [65],¢ BPSF 152 0.57 N.A. 1240,1270/1360 31/7
2019 [511,¢ BPSF 152 0.57 15% 1270/1360 40/5
2019 [761,° BPSF 212 0.5 13 1270/1350 39/4.2
2019 [52],¢ BPSF 210 0.47 15.5% 1270/1350 40/4.8
2019 [78, 68] BPSF 80 N.A. N.A. 1195-1235/ 19/5
2020 1305-1325
2020 [95] BPSF 31 3.06 N.A. 1240/1340 14.8/N.A.
2020 [77, 671 DC-BPSF 140 0.45 13% 1230/1320 25/5-6
2020 [69] DC-BPSF 108 ~0.55 N.A. 1230/1322-1325 0.2 [dB/m]/N.A.
2020 [66] BPSF 36 ~0.6 N.A. 1180,1270/ 30/7
1287-1354
2020 [891,” BPSF+ 93.5, N.A. N.A. 1180,1270/ 26/7.3
BGSF 58 1306-1441
2020 [83] BGSF 400 54 [dB] N.A. 1350/1445 27.9/5
2020 [53, 541,” BPSF 220 0.57,0.52 16.4% 1270,1310/1420 31/4.8
2021
2021 [84] BGSF 320 N.A. N.A. 1320/1430 31/4.75
2021 [91, 821," BPSF 150 0.41 8.3% 1256/1410 33/5.8
2021 921, BPSF 150 0.42 6.7 1256/~1410 26/5-6
2021 [55],¢ BPSF 220 0.57,0.52 16.4% 1270,1310/1430 38/6
2022 [85] DC-BGSF 120 0.8 [@1410 nm] N.A. 1330/1430 20/5.3
2022 [811,” BPSF+ 93, N.A. N.A. 1180,1270/ >25/7
BGSF 56 1300-1450
2022 [86] BGSF 400 N.A. N.A. 1320/1430 38/4.5

4 Using double pass configuration.
b Recognized as wideband amplifier.

impressive progress in optical amplifiers development using Bi-doped
fibers, Table 3 summarizes reported Bi-doped fiber amplifiers, in
terms of fiber type, pump and signal wavelength range, gain and noise
figure (NF). Evidently, Bi-doped fibre amplifiers are rapidly growing
towards not only high gain but also a broadband coverage. The tem-
perature dependent characteristics of the aforementioned BDFAs are
tested, ensuring the TDG coefficient is under —0.08 dB/°C [52,54].

With respect to the development of Bi-doped fibers for the amplifiers
and lasers demonstrations, several concerns still remain in the way to be
addressed. On one hand, the Bi concentration in the current generation
of Bi-doped fibers is relatively low, which results in the requirements of
a longer device length - 100’s of meters. On the other hand, the
increased amount of Bi in the core tends to induce additional fiber losses
such as higher UL which is detrimental to optical amplifiers perfor-
mance. Efforts should be focused on the fabrication of high concentra-
tion Bi-doped fibers with low loss, to develop Bi-doped fiber lasers and
optical amplifiers with improved efficiency. As the most important
challenge in doing so, significant attention should be paid to the origin
of NIR luminescence in Bi-doped fibers. Resolving the nature of the Bi-
related NIR-emitting active centers can certainly revolutionize the
next generation of Bi-doped fiber lasers and optical amplifiers.
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