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Fig.1 (a) Transmission spectra of Bi-doped phosphate glass; (b) Normalized emission spectra of Bi-doped phosphate glass excited by 405, 514, 808, and

980 nm, respectively; (c) Energy level diagram for Bi* based on energy matching conditions®
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Fig.2 Calculated the differential charge density of interstitial Bi® atom in 60-atom silica cluster model. (a) Map plane goes through Bi atom and two

nearest Si atoms; (b) Map plane goes through Bi atom and two nearest O atoms; (c) Defect-free 96-atom supercell of fused silica model;

(d) Interstitial Bi® atom in 60-atom silica cluster model (Si atom is in gold, O atom is in red, Bi atom is in violet, and H atom is in white);

(e) Calculated energy levels diagram of interstitial Bi’ atom in silica optical fiber, which are responsible for the NIR emission!'!
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Fig.3 (a) Transmittance spectrum of Bi-doped silicate glass; (b)-(d) Emission spectra of Bi-doped silicate glass under excitation at 500 nm, 700 nm, and

800 nm, respectively!
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Fig.4 (a) Effect content of Al,O5 content on the NIR emission spectra of Bi-doped germanate glasses™; (b) Effect of GeO, content on the NIR emission

spectra of Bi-doped borate glasses®; (c) Effect of GeO, content on the NIR emission spectra of Bi-doped silicate glasses™; (d) Effect of CaO

content on the NIR emission spectra of Bi-doped borate glasses!*!!
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Fig.5 (a) NIR emission spectra of Bi-doped borate glasses with different carbon content (4,, = 450 nm), the inserts are the images of glass samples'*?;
(b) NIR emission spectra of samples PGB1 and PGB3-6 pumped by 980 nm treated under different atmosphere!®; (c) Comparison between the
emission spectra of the Bi single doped and Bi-AIN co-doped glass samples (4,, = 467 nm) *; (d) NIR emission spectra (4,, = 468 nm) of Bi-

doped Nx samples (x = 0-0.1 mol%) with Si;N, content varying™"’
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Fig.6 (a) Optical microscope image of grating under 6.0 W of s laser pulse energy, and photographs of various sample irradiated under different pulse
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energy (0-8.0 pJ, as labeled); (b) Absorption and (c) NIR emission spectra (4, = 808 nm) of the glass samples under different fs laser pulse
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Fig.7 (a) NIR emission spectra of Bi, Er single-doped glass, and Bi-Er co-doped glass under the excitation of 808 nm LD"?; (b) NIR emission spectra of

Bi, Er, Nd single-doped glass, and Bi-Er-Nd co-doped glass under the excitation of 808 nm LD

I (¢) NIR emission spectra of Bi, Er, Tm single-

doped glasses under the excitation of 808 nm LD; (d) NIR emission spectra of Bi-Er-Tm co-doped glass under the excitation of 808 nm LD
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Fig.8 (a) Normalized emission spectra at emission peak ~1 140 nm of Bi - doped borate glass samples with elevating GeO, content™”); (b) Comparison

between the emission spectra of Bi-doped germanate glass samples 0 SiC and 3 SiC by Gauss fitting®®”’; (c) Comparison of the emission spectra of

Bi-doped germanate glass samples without AIN (N0B0.02), with AIN (N2B0.02), and with 3 mol% Bi (NOB3)"*
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Fig.9 (a) Schematic diagram of Bi-doped fiber preform prepared by MCVD method®’; (b) Sum diagram of the major luminescence range and lifetime

of various Bi-doped optical fibers'®"!
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Fig.10 (a) Schematic representation of the optical fibers fabricated by the molten core method!®*®; (b) Optical image of Bi-doped fiber cross-section

fabricated by the molten core method and EPMA images of fiber cross-section!®”!
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Tab.1 Research progress of Bi-doped fiber amplifiers !
Bi fiber Apump/TM Gain band/nm Maximal gain/dB Bi content Length/m Method Year Ref.
810 1260-1300 5.8 @1308 nm 2 mol% 0.08 Rod-in-tube 2006 [87]
810 1310 9.6 2 mol% 0.05 Rod-in-tube 2007 [88]
BASF 1160 6.3
1060 0.002 mol% 30 MCVD 2011 [79]
1180 5.5

1120 1180 8dB 100 MCVD 2015 [89]

808 5 @1380 nm
1260-1360 0.1 wt% 13 MCVD 2008 [73]

1230 13 @1380 nm

1230 1280-1370 25 @1320 nm
<0.02 at% 200 MCVD 2010 [90]

1318 1420-1600 21 @1440 nm
810 1260-1360 2 @1340 nm - 4 MCVD 2011 [91]

BPSF/BPGSF

1267+1240 1320-1360 29 @1340 nm <0.02 at% 100 MCVD 2016 [92]
1155-1235 1272-1310 19 @1296 nm <0.01 mol% 80 MCVD 2019 [93]
1240+1270 1300-1360 40 @1360 nm <0.02 at% 152 MCVD 2019 [80]
1178 1287-1354 30 @1270 nm <0.02 at% 125 MCVD 2020 [94]
1270+1310 1345-1460 31 @1420 nm <0.02 at% 220 MCVD 2021 [81]
BPSF(Domestic) 1240 1355-1380 5 @1355nm 0.02 wt% 85 MCVD 2022 [85]
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Continued Tab.1
Bi fiber Apump/TM Gain band/nm Maximal gain/dB Bi content Length/m Method Year Ref.
1230 1 420-1 550 8 @1 440 nm <0.05 mol% 15.2 Molten core 2011 [95]
BSF/BGSF 1310 1350-1 650 34 @1 427 nm <0.1 wt% 125 MCVD 2011 [78]
1330-1 350 1 425-1 500 28 @1 460 nm - 400 MCVD 2020 [83]
1550 1 640-1 770 23 @1 710 nm 0.018 wt% 50 MCVD 2016 [82]
BHiGSF 1651 18
1550 0.018 wt% 90 MCVD 2018 [84]
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Research progress on ultra-broadband luminescence
of Bi-doped glass and fiber (invited)

Chen Weiwei', Qiu Jianrong?, Dong Guoping'”

(1. The State Key Laboratory of Luminescent Materials and Devices, School of Materials Science and Engineering,
South China University of Technology, Guangzhou 510641, China;
2. State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and Engineering,
Zhejiang University, Hangzhou 310027, China)

Abstract:

Significance At present, gain fibers of lasers and amplifiers used in optical communication systems are more
common in rare earth ion-doped glass fibers. However, the inherent f-f transition of rare earth ion leads to the
narrow transmission bandwidth which cannot meet the increasing demand for network data traffic transmission.
Bi-activated optical glasses and fibers can exhibit broadband NIR luminescence in a spectral region of 1000-
1800 nm spanning the whole low-loss optical communication window, which possesses unique advantages over
traditional rare-earth ions and transition metal ions doped glasses or glass-ceramics. Moreover, Bi-doped glass
fibers have achieved laser output and optical signal amplification in the range of 1 150-1550 nm and 1 600-1 800 nm.
This fully shows that Bi-doped glass fiber is expected to solve the problem of insufficient data transmission
capacity, and becomes a gain material for the next generation of fiber lasers and amplifiers.

Progress The research progress of Bi-doped glass and fiber can be illustrated by the discussion of the
luminescence mechanism, the performance improvement of Bi-doped glass, the exploration of optical fiber
preparation methods, and the application progress of Bi-doped fiber. Bi has the electronic configuration of (Xe)
4£'45d"°6s’6p’, where the outer 6s and 6p electrons have the significant interaction with the host glass, thereby
showing host dependent absorption and emission properties and exhibiting a number of oxidation states such as
+1, 42, +3 and +5. Thus, there are a number of hypotheses regarding the origin of NIR luminescence centers in Bi
glasses: Bi clusters, BiO, Bi’", Bi" and some other low valence states of Bi ions including metallic Bi, point
defects, and Bi dimers. At present, it is generally accepted that the NIR luminescence of Bi comes from low-
valence Bi ions such as Bi" and Bi’ (Fig.1 and Fig.2). Because Bi related NIR photoluminescence is quite
sensitive to the local chemical environment, broadband NIR Iuminescence can be achieved in a variety of matrix
glasses. However, low efficiency and narrow bandwidth (emission bandwidth is difficult to cover the
communication C- and L-band with important applications) are the main problems of Bi-doped glass. Thus,
diverse strategies were proposed to improve the optical performance of Bi-doped glass, such as modifying glass
structure, constructing local reduction environment, employing high-energy radiation, co-doping multiple ions

and inducing multiple Bi emission centers (Fig.4-8). The efficient luminescence of glass is critical to the gain
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characteristics of subsequent fibers. Similarly, the preparation method of the optical fiber is also very important to
obtain a high-performance optical fiber. Thus, various fiber preparation methods, such as MCVD (Modified
Chemical Vapor Deposition), molten core, and rod-in-tube method, were explored for the preparation of Bi-doped
fibers with different needs (Fig.9-11). The Bi fiber prepared by MVCD method shows the characteristics of high
purity and low loss, and is the most commonly used method at present. By co-doping Bi and different modified
ions (Al, P, and Ge) in the core glass, laser output and optical signal amplification in different spectral regions
(1160-1775 nm) can be achieved and expanded (Fig.12 and Tab.l). The wavelength of Bi fiber lasers and
amplifiers can cover the 1160-1775 nm region, which not only includes the area covered by rare earth ions-
activated fiber lasers, but also makes up for the gaps in other communication bands of today's fiber lasers.

Conclusions and Prospects Over the years, significant results have been achieved in theory, preparation method,
performance optimization and practical application for Bi-doped glass and optical fiber, which have laid the
foundation for the development of new, broadband, high-efficiency and tunable lasers and amplifiers, and are also
very in line with the development needs of large-capacity and high-speed optical communications in the future. In
addition, there are many other challenges, one of which is figuring out the active state in the Bi-doped glass and
optical fiber that causes NIR emission. Many hypotheses were reported based on experimental facts, but none
confirmed all the properties in the Bi-doped fibers. By understanding the active state of the Bi that contributes to
NIR emission, fiber manufacturing conditions can be optimized to develop highly efficient fibers for lasers and
amplifiers. This requires a great deal of attention, and once solved, it will revolutionize the next generation of Bi-

doped fiber lasers and amplifiers.
Key words: ultra-broadband;  infrared luminescence;  Bi-doped glass;  Bi-doped fiber

Funding projects: National Natural Science Foundation of China (62122027, 52002128, 62075063, 62205109)

20230097-18



	0 引　言
	1 铋离子红外发光机理的研究进展
	1.1 Bi+的研究进展和发光特性
	1.2 Bi+的研究进展和发光特性

	2 铋掺杂玻璃的研究进展
	2.1 增强铋掺杂玻璃的近红外发光强度
	2.1.1 调控玻璃结构
	2.1.2 构造局域还原环境
	2.1.3 高能射线辐照

	2.2 拓宽铋掺杂玻璃的近红外发光带宽
	2.2.1 离子共掺
	2.2.2 诱导多Bi中心


	3 铋掺杂光纤的研究进展
	3.1 铋掺杂光纤的制备方法
	3.1.1 改良的化学气相沉积法
	3.1.2 熔芯法
	3.1.3 管棒法

	3.2 铋掺杂光纤的应用
	3.2.1 铋掺杂光纤激光的研究进展
	3.2.2 铋掺杂光纤放大器的研究进展


	4 结　论
	参考文献

